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2ABSTRACT
The present work is concerned with the investigation of methods 
of improving the elevated temperature oxidation resistance of 
Nimonic 90 by coating techniques.
Two methods are considered, the use of diffusion coatings and 
of a flame sprayed ceramic coating.
Beneficial effects were observed when diffusion coatings were 
employed, chromium diffused coatings imparting considerable 
resistance to surface deterioration but aluminium diffused 
coatings have been shown to be unsatisfactory at temperatures 
above 900°C.
Flame sprayed alumina coatings have been investigated and the 
effects of various substrates have been considered. The use of 
aluminised, oxidised and molybdenum sprayed substrates has been 
shown to be unsatisfactory but improved results have been 
obtained when chromised and nickel-chromium sprayed substrates 
were employed.
Some appropriate mechanisms are proposed to explain the results 
observed.
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1 INTRODUCTION
The development of aircraft turbines, rocket propulsion, high 
performance engines, nuclear energy power stations etc., 
increasingly illustrates the limitations of existing materials 
not only from the point of view of strength but also of corrosive 
action at elevated temperatures. Similarly in the rapidly 
developing field of supersonic aircraft and missile production, 
surface deterioration often defeats th6 successful use of 
metallic materials having the bulk properties needed for strength 
at the temperatures reached during aerodynamic heating.
The object of the present work is to investigate further the use 
of diffusion processes in the production of protective coatings 
for high temperature materials, to consider the possibility of 
employing a refractory oxide coating and the influence of any 
intermediate coating or coatings on the protection afforded by 
this outer coating of ceramic material.
The results will be of interest when considering aero and marine 
gas turbines, solid fuel plants for electricity generation, in 
the field of nuclear power plants and all problems where thermal 
corrosion or oxidation are apparent.
Thermal oxidation and corrosion are linked with high temperature 
strength mainly because the addition of alloying elements to 
improve high temperature mechanical properties such as creep 
resistance often results in a reduced oxidation resistance of 
the alloy developed. It has been found, for example, that with 
the more complex high temperature materials, there is a 
measurable oxidation of some of the minor alloying elements 
such as titanium and aluminium in elevated temperature 
environments and this, in turn, lessens th6 protective value
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of the oxide layer formed. The resulting impoverishment in some 
of the alloying elements of the substrate beneath the oxide film 
will reduce its fundamental mechanical properties.
It would be quite coincidental if the alloying elements 
introduced to improve high temperature mechanical properties 
were precisely those required to maintain optimum oxidation 
resistance. Mechanical properties depend largely on the 
composition and structure of the mass, whilst oxidation is a 
surface phenomenon.
This introduces the implication that the surface composition 
need not necessarily be identical with that of the mass i.e. the 
composition at the surface can be modified to suit oxidation 
requirements which are not compatible with the demands of 
strength at elevated temperature.
One solution to this problem may be to allow the use of 
conventional materials to their maximum properties by providing 
an adequate surface protection by means of coatings. Thus it is 
suggested that a heat resistant coating applied to a material 
with maximum creep and other high temperature properties could 
be a better combination than any attempt at attaining both 
requirements by employing a single alloy composition.
Nimonic 90 has been selected as the base material to be 
employed during this investigation as this alloy is considered 
a proven high temperature material typical of many alloys 
developed for commercial elevated temperature use.
Of the diffusion coatings in current use those produced by 
chromium and aluminium diffusion processes are Known to afford 
good high temperature protection to many commercial alloys.
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Thus the protection afforded by chromising and aluminising of 
Nimonic 90 ■will be considered and the effect of these processes 
on the properties of subsequently applied coatings determined. 
Further, as the heat-treatment of Nimonic 90 involves a solution 
treatment at 1080°C and an ageing treatment at 700°G, an economic 
possibility exists of combining a diffusion treatment vith the 
heat-treatment processes e.g. chromising could be carried out at 
the solution treatment temperature or the aluminising treatment 
at the precipitation treatment temperature.
Alumina has been selected as the refractory oxide coating to be 
investigated as the elevated temperature oxidation and abrasion 
resisting properties of this ceramic material are well known.
Also this material may be ground to close engineering tolerances, 
a property of great importance if precision parts are to be 
considered, and the application of AI2O3 by flame spraying 
techniques is a process of current industrial importance.
The influence of any intermediate sprayed coating on the 
properties and effectiveness of the ceramic coating is of 
considerable interest since the adhesion of the A^O^ to the 
substrate and any stresses induced at elevated temperature by 
thermal expansion mismatch will he affected by the presence of 
an intermediate material. As sprayed molybdenum coatings have- 
been shown to produce strong adhesive bonds to ferrous substrates, 
it is proposed to examine the influence of this on the refractory 
coating and the substrates employed during this investigation.
The 80% nickel - 20% chromium alloy is also widely employed 
industrially as a commercial, heat-resisting, sprayed coating 
and since its composition is compatible with that of the 
chromium diffused coatings envisaged at the Nimonic 90 surface 
the use of this alloy as an alternative intermediate coating will 
be considered.
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2 LITERATURE SURVEY 
2. 1 THE NIMONIC ALLOYS
The Nimonic alloys have been developed to meet the demands of 
modern high temp6ratur6 materials, viz. high creep and fatigue 
resistance coupled with oxidation resistance at elevated 
temperatures.
(i)
The earliest reference to this type of material vas by Marsh 
in 1906 in connection with the high temperature oxidation 
resistance of nickel-chromium alloys suitable for electrical 
heating elements. In 1941 the Nimonic alloys as such were 
developed by the International Nickel Company Limited and their 
range is being extended and developed further at the present time.
Alloys of the Nimonic type owe their good high temperature 
properties to the precipitation in the basically nickel-chromium 
matrix of nickel-titanium-aluminium compounds. The variations 
among the different alloys are generally in the composition of 
the matrix, since appreciable latitude exists in the content of 
iron, cobalt, chromium etc. Such changes in composition can 
lead to significant changes in the level of creep properties 
developed, but do not alter the fundamental mechanism of 
precipitation by which the properties are developed. Additional 
compositional changes are now being made to improve high 
temperature performance further and to increase the resistance 
of the alloys to thermal corrosion particularly in sulphur 
containing environments.
Typical specifications and properties are illustrated in Tables 
I, II and III.
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TABLE I
SPEGIFTED COMPOSITIONS OF NIMONIC ALLOYS,
ALLOY
-- ---- 1
NIMONIC 75 NIMONIC 8QA NIMONIC 90 NIMONIC 105
CARBON 0.08-0.15 0,1 max. 0.13 max. 0.2 max.
SILICON 1.0 max. 1.0 max. 1,5 max. 1.0 max.
COPPER 0.5 max. - - 0.5 max.
IRON 5,0 max. 5.0 max. 5.0 max. 1.0 max.
MANGANESE 1.0 max. 1.0 max. 1.0 max. 1.0 max.
CHROMIUM 18 - 21 18 - a 18 - 21 13.5-16.0
TITANIUM 0.2-0.6 1.8-2.7 1.8-3.0 0.9-1.5
ALUMINIUM - 0.5-1.8 0.8-2.0 4.2-4.8
COBALT - 2.0 max. 15 - 21 18 - 22.
MOLYBDENUM - - - 4.5-5.5
NICKEL Balance Balance Balance Balance
Ministry of 
Aviation
Specifi­
cation.
D.T.D.7G3A D.T.D.736 D.T.D.747 -
TABLE II
PHYSICAL PROPERTIES OF NIMONIC ALLOYS
ALLOY NIMONIC 75 NIMONIC SOA NIMONIC 90 NIMONIC 105
Melting Range, 1390 1360 1360 1340
°C to to to to
1420 1390 1390 1380
Mean Coefficient 
of 
THERMAL
EXPANSION
millionths per 
OC
20-100°C. 12.2 11.9 11.6
20-200°C 13.0 12.7 12.6 13.0
20-300°C 13.4 13.0 12,7 13.5
20-400°C 13.8 1-3.5 13,5 13.9
20-500°C 14.1 13.7 13.7 14.3
20-600°C 14.7 14.0 14.2 14.7
20-700°G 15.4 14.5 15.0 15.3
20-800°C 15.5 15.1 16.0 16.3
20-900°C 16.0 15.8 17.0 17.7
20-1000°C - - - 19.7
TABLE III
INTERNAL RELEASE STANDARDS (Stress-Ruoture Tests) OF NIMONIC ALLOYS
ALLOT
Stress Temperature
Time to 
Rupture 
not less 
than
tons 
sq. in. °c i 4 hours
NIMONIC 21 750 23
BOA 17 750 75
NIMONIC 19 750 75
124- 815 75
90
9 870 30
NIMONIC 21-4- 815 25
105 7 940 50
It is generally accepted that the basis of a good high temperature 
creep resistant alloy should be a relatively complex solid solution 
containing a number of different metals having the widest possible 
dissimilarity in atomic sizes and the principal constituents found 
in the Nimonic series are shown in Table IV.
TABLE IV
CONSTITUENT METALS OF THE NIMONIC ALLOYS
Metal Melting Point °C Radius of neutral atom
Ni 1453 1.24
Ee 1533 1.26
Co 1492 .1.26
Cr 1850 1.25
Ti 1820 1.49
A1 660 1.43
Mo 2620 1.36 ...... .....
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To an extent these requirements are incompatible, since Hume- 
Rothery’s work indicates that vide ranges of solid solution are 
obtained only when the atomic sizes of the constituent metals are 
similar. For good high temperature strength the elements which 
are mainly to be in solid solution should also have high melting 
points. For elements producing the intermetallic compounds which, 
by precipitation in the correct degree of dispersion lead to 
hardening of the alloys, the atomic size is also of importance, 
but the melting point is not so important since stability is 
obtained by the high affinity of the combining elements due to 
their differing valencies. In addition to the elements mentioned 
in Table III, carbon, nitrogen and residual deoxidants are present 
and may have significant influence on the high temperature 
properties of the alloy.
The various heat treatments applied to nickel base alloys have 
been reviewed by Betteridge^^ and the Nimonic alloys are either 
annealed to cause softening or hardened by solution treatment 
followed by one or more precipitation treatments.
(3)2. 1. 1. Nimonic 90 - Structure and Heat Treatment 
As with the cobalt free alloys the major precipitation hardening 
phase is 1$ 1 , Ni^(Ti, Al), and the ^ phase (Ni^Ti) can also 
occur in an acicular form. Primary particles of titanium carbide, 
nitride and cyanonitride may also be observed but the chromium 
carbide detected in the cobalt free alloys is not usually present 
unless the carbon content is in the order of 0.2$.
Annealing of this alloy may be carried out in the range 900°C - 
1250°C but the critical temperature for grain growth is about 
1100°C. In the hardening process if the solution temperature 
does not exceed 1080°C no critical grain growth occurs provided
21
the critical degree of strain has been avoided (5 - 10% 
deformation). After solution treatment precipitation of the 
Y l phase is responsible for almost the 'whole of the hardening 
observed on reheating. Ageing at 700°C gives rise to 
discontinuous precipitation of Y* characterised by dark etching 
areas adjacent to the grain boundaries whilst ageing at 850°C 
produces continuous precipitation throughout the grains. Thus 
for the development of full properties the recommended heat 
treatment for Nimonic 90 is solution treatment at 1080°G 
followed by precipitation treatment at 700°C. Table V 
illustrates typical hardness values obtainable.
TABLE V
BRINELL HARDNESS OF NIMONIC 90 ON AGEING AT DIFFERENT TEMPERATURES
Ageing Treatment Brinell Hardness
8 hours at 975°C 156
8 hours at 950°C 173
8 hours at 925°C 204
8 hours at 900°G 237
8 hours at 850°G 277
8 hours at 800°C 294
16 hours at 700°C 320
Further hardness increase is obtainable if a strain hardened 
alloy is subjected to precipitation treatment e.g. for 80% R.A, 
values of 480 Brinell are obtainable after 150 hours at 700°c. 
Standard heat treatments and hardness ranges for the Nimonic 
alloys are shown in Tables VI and VU,
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TABLE VI
STANDARD HEAT TREATMENTS OF NIMONIC ALLOYS
NIMONIC
8QA
STAGE 1 
8 hrs. at 1080°G 
Air-cool
STAGE 2 
16 hrs. at 700°C 
Air-cool
STAGE 3
NIMONIC
90
8 hrs. at 1080°C 
Air-cool
16 hrs, at 700°C 
Air-cool
-
NIMONIC
105
4 hrs. at 1150°C 
Air-cool
16 hrs. at 1050°C 
Air-cool
16 hrs. at 850°G 
Air-cool
TABLE Vll
HARDNESS RANGES OF HEAT TREATED NIMONIC ALLOYS
Alloy Condition 
(Form and Heat-Treatment)
Hardness
Range
D.P.N.
NIMONIC
8QA
Bar, Stage 1 treated
Bar, Stage 1 and 2 treated
^Sheet, cold-rolled, annealed 
and aged
180-280
250-350
335-370
NIMONIC
90
Bar, Stage 1 treated 
Bar, Stage 1 and 2 treated
180-280
250-350
NIMONIC
105
Bar, Stage 1 treated
Bar, Stage 1, 2 and 3 treated
320-385
330-400
Heat-trsatments are detailed in Table
54 Figures relate to cold-rolled sheet annealed 
at 1150°C. followed by ageing for 4 hrs. at 
750°C.
2. 1. 2. Oxidation behaviour of Nickel Alloys 
Nickel alloys are among those used commercially at high 
temperatures in oxidising atmospheres. However there are very 
few suitable alloying elements for decreasing the oxidation rate
23
U)
of nickel. It has been illustrated by Kubaschewski that small
additions of metals of lower valency than that of the nickel
should fill cation vacancies and decrease the rate of diffusion of
the Ni++ ions and consequently the rate of oxidation. Apart from
lithium, which has a beneficial effect, all the first group metals
have ions of radius larger than that of Ni++ (0.78 2) , and are not
likely to be dissolved in the oxide to a sufficient extent.
Addition of metals of higher valency should result in the
replacement of some of the Ni++ ions in the lattice and thus
create new cation defects while decreasing the number of electron
defects| the rate- of diffusion of the Ni++ ions would increase
and so would the rate of oxidation. It was indeed observed by 
(5)
Horn that all the sixteen metals added to nickel in her
uresearch decreased its oxidation resistance (Fig, 1). Kubaschewski 
compiled data from the results -of various workers to show the 
effect of larger alloy additions (Fig, 2).
The adverse effect of chromium on the oxidation resistance of
nickel is only observed with low concentrations, as long as NiO
prevails in the oxide layer. Alloys with more than about 15%
chromium have good oxidation resistance, predominant formation of
either or r^2^3 been observed at these
concentrations. Hauffe^ ascribes the good oxidation resistance
to the formation of the spinel, the oxidation rate being determined
by the slow diffusion of Cr+++ ions across the scale followed by
(7^evaporation of Or 2^3 at the surface, Zimax ' considers that 
Gr^O^ is more protective than the spinel as he found the amount 
of in the outer scale increased with the chromium content
of the alloy after oxidation at 1100°G, the C^O^ content of the 
inner scale (composed of 0^0^ and Ni C^O^ and possibly NiO)
(8)also increased with the chromium content of the alloy. Gulbransen
FIG, 1
'Ni, 1-0 2'0 30 *0
Weight % — ~~
Effect of small additions on the oxidation 
of nickel at 900°C (Horn)/5^
F = the oxidation rate (Ni = 1).
9
Cu
7
Co
5
Mn
3
Nb
1
/ Mo
’/3
20 30 40
Wt '/.
FIG. 2 Effect of alloying elements on the oxidation 
of nickel.^
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showed that GrgO^ is the main oxide formed at 400° - 700°G and 
that NiO may also be present, whilst at higher temperatures the
that impoverishment of the surface of the alloy in chromium, 
aluminium and titanium occurs during oxidation.
Thus changes in the constitution of the oxides formed on nickel 
alloys occur during oxidation and it is still not clear whether 
the spinel or ^ 2^ 3 iropo^tant constituent which imparts the
high oxidation resistance of nickel alloys containing large amounts 
of chromium, but it would appear that a large proportion of chromium 
in the oxide is beneficial.
2. 1. 3. Corrosion resistance of Nimonic alloys.
The structural and mechanical properties of the Nimonic alloys 
make them particularly suitable for use at high temperatures.
Equally important, however, is the resistance of these alloys to 
corrosion by the environments met in service at such temperatures.
The high oxidation resistance of nickel-chromium alloys has already 
been considered and this resistance is retained to a large extent 
in the Nimonic alloys, substantially unimpaired by the additional 
alloying elements present in these more complex materials. However, 
although resistance to oxidation in air is the primary requisite, 
a number of other corroding agents are frequently met in service 
and should be considered.
Oxidation
Although the principal constituents of the scale still remain the 
same as for the binary alloy, the higher Nimonic alloys differ 
somewhat from nickel-chromium alloys in their behaviour in 
oxidising atmospheres because oxides of titanium and aluminium are
spinel Ni Cr 0 becomes important
(9) (10)
Work on the Nimonic type alloys by Sully and Malamand shows
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present in the scale produced.
Measurements of the rates of oxidation of the Nimonic a.lloys in 
air have been made at temperatures in the range 800° - 1100°C (3)
(Table Vlll).
TABLE Vlll
OXIDATION OF NIMONIC ALLOYS IN AIR
Metal loss by scaling mg/can^ after 100 hours.
Alloy 800°G 900° C 950°C 1000°C 1100°C
Nimonic DS 0.4S 1.42 2.02 3.54 6.17
75 0.55 1.18 4.00 6.66 8.92
BOA O.64 2.62 3.96 5.96 -
90 0.46 2.52 5.50 10.40 11.23
95 0.50 2.95 5.03 7.38 12.41
100 0.08 0.27 0.87 1.61 11.61
The results indicate that all except Nimonic 100 have similar 
oxidation resistance at 800°G but differences become more clearly 
marked at higher temperatures. Thus above 900°C the cobalt 
containing alloys, Nimonic 90 and 95 are somewhat lower in 
resistance than Nimonic 80A, Except at 1100°C, Nimonic 100 is 
always markedly superior to the other alloys.
Corrosion by sulphur and fuel ash
Absorption of sulphur into nickel containing alloys leads to the 
formation of the Ni/Ni^s^ 6utectic which melts at 643°0, thus 
above this temperature rapid intercrystalline penetration occurs. 
In oxidising atmospheres the normal oxide film formed on the metal 
gives some degree of resistance to penetration by sulphur but in 
reducing atmospheres when no protective scale is produced the 
deterioration of the metal can be rapid.. Sulphur can also occur
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in solid deposits, e.g. fuel ash, but in the Nimonic alloys some 
protection is afforded by the presence of chromium. The protection 
results from the high affinity of chromium for sulphur producing 
CrgS^ which has a melting point of 1550°C and thus delays the 
formation of the nickel/sulphide 6utectic. The protection is, 
however, not complete as oxidation readily follows the chromium 
sulphide formation. Shirley^^ has reported that under these 
circumstances a layered attack occurs, the innermost layer consists 
of chromium sulphide dispersed in nickel or nickel-chromium alloys, 
in the next layer chromium oxide is distributed amongst almost 
pure nickel and the outermost layer is true scale consisting of the 
usual mixture of chromium oxide, nickel oxide and spinel.
A considerable number of investigations have been carried out into
the corrosive effect of fuel ash particularly those containing
alkalis and alkaline sulphates which are particularly dangerous.
Vanadium pentoxidG, which occurs in many mineral oils is the most
investigated corrosive constituent. Most workers agree that the
corrosive action depends upon the liquid ash destroying, or
preventing the formation of, the normally protective oxide scale.
(12)
The work of Betteridge showed that iron rich alloys (e.g. Nimonic 
D.S.) are severely attacked and molybdenum containing alloys are 
more heavily attacked than those which are molybdenum free.
Gorrosion by carbon and other environments
nGreen rotw is a type of thermal corrosion associated with nickel 
base and Nimonic alloys. The investigations of Bucknall^) and of 
Dovey^^ have shown that the phenomenon is associated with attack 
by carbon containing atmospheres leading to the formation of 
chromium carbide. The carburisation is followed by oxidation of 
the chromium carbide particles or of the adjacent chromium depleted
( 3)matrix. Bett6ridge ‘ reports that the resistance of Nimonic DS
to green rot is due to the high silicon content (2$) and the work
(14)
of DoV6y also indicates that the titanium content of Nimonic 90 
is sufficient to prevent or at least delay carburisation under 
mildly reactive conditions.
Only mild corrosion has been reported for Nimonic alloys in an
(15)
environment of cracked ammonia at 815°C and in steam atmospheres
( 3)at temperatures up to 750°C
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2. 2 ASSESSMENT OF OXIDATION BEHAVIOUR
There are many ways of determining the extent or progress of 
corrosion and high temperature oxidation. Th6 choice may be 
determined either by convenience or on the basis of some special 
interest in a particular result of corrosion or in a particular 
stage of a corrosion process.
There is no universally recognised method for measuring thermal
oxidation of materials, the method selected depending upon the type
of oxidation, the rate of specimen deterioration, the scale adhesion
properties etc. However in this field of study the gravimetric, or
weight change, method is the technique most commonly employed. Very
precise studies of this type can be made by continuous observation
of weight changes using micro-balances in work such as that
(16)
reported by Gulbransen •
There are numerous variations of this method, including the
removal of specimens free the furnace and weighing at intervals or
by measuring the net loss of metal by suitably descaling th6
specimens after oxidation testing^^ ’ . Very great care must
of necessity be taken over the removal of scales and an ideal
method for removing corrosion products would be one that would
remove them completely without causing any further corrosion or
other deterioration of the test specimen in the process.
Procedures that achieve this ideal or approach it very closely
have been worked out for many of the common alloys and losses due
(19)
to cleaning have b6en reduced to as low as 0.01$ . The various
methods may be classified in general as followss-
(1) Mechanical treatment e.g. brushing and sand blasting.
(2) Chemical treatment e.g. organic solvents or chemical reagents.
(3) Electrolytic treatment e.g. with caustic soda or sulphuric 
acid etc. as the electrolyte.
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Expression of weight loss in terms of a percentage of the original 
weight of a test piece is usually meaningless except for comparing 
specimens of the same size and shape since it does not take into 
account th6 important relationship between surface and mass and in 
all cases it is essential to standardise the surface finish of the 
original samples.
Other less commonly employed techniques include manometric methods
( 20) ( 2l)
which are of great potential value due to their simplicity ’
(22), (23) ^4)
and electrometric ’ and optical methods are of particular
valu6 for the investigation of thin films.
Manometric systems measure the amount of oxygen consumed by the 
specimen during its oxidation but will only give high sensitivity 
if pure gas environments are employed.
(22)The electrometric method, first used by Evans' ' to determine 
the thickness of iodide films on silver and later developed to 
investigate oxidation rates in their initial stages, measures the 
quantity of electricity required to reduce the oxidation product 
either to the metallic state or a lower state of oxidation.
Optical methods include the investigation of interference tints
produced by various film thicknesses on metallic surfaces e.g.
(25)
oxide formation on tantalum , or the us6 of polarized light 
reflection which suffers a change in its state of polarisation 
when surface films are present.
/
Methods involving radio-active isotopes , electrical resistance
(27)
measurements, especially on nickel-chromium alloys and the 
determination of the thickness of stripped films have also been 
satisfactorily employed.
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Provided suitable specimens can be made and treated micro-vacuum 
fusion may be used for the determination of the oxygen in a surface 
film. The equipment, used by the a u t h o r , is highly specialised 
and would not normally be employed in the determination of oxidation 
rates, but the extreme accuracy makes it capable of functioning as 
a nreferee method” in cases of dispute.
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2. 3 METHODS FOR THE EXAMINATION OF OXIDATION PRODUCTS
The examination and identification of the products of oxidation
may be carried out using a variety of methods:-
(2^ (3 0)
(1) Electron diffraction (particularly for thin oxide films) 9
(2) X-ray diffraction (powder or back reflection for thicker 
scales)(31).
(3) Metallography (optical and electron microscope techniques) ,
(4) Electron probe micro analysis. 9
(17), (18)
(5) Chemical analysis of the stripped oxide scale.
Methods (3) and (4) are of great value in the assessment of 
structural and compositional changes which take place immediately 
beneath the oxide layers, but the method that is best suited to any 
particular case depends not only on the information that it is 
intended to obtain from the examination but also on the individual 
circumstances. Each method is invaluable in its particular field 
but each has its limitations; and where the methods overlap, 
confirmation of the results or indications obtained from one 
technique can be given by another.
2. 3. 1. Electron diffraction 1
This method has been used to a considerable extent and is particularly 
suitable for the examination and identification of the thinner oxide 
layers formed on metallic materials since the depth of penetration 
of the electrons is small.
(31)
2. 3. 2. X-ray diffraction
The X-ray method may be used in studying oxidation products on 
metals to give information relating to identification, crystal 
size and orientation and the measurement of lattice parameters.
The method is specially suitable for examining the thicker scales.
If these are removed from the metal, the ground powder can be used
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as the specimen^ where layers of different oxides are formed it 
is frequently possible to separate them and examine each. Glancing 
angle and back reflection techniques can be used whilst the oxide 
is still attached to the metal.
Considerable use has been made of X-ray methods of identification
of phases in oxide scales particularly in the scales found on
(31)
commercial chromium and nickel-chromium steels. Use has also
been made of high temperature X-ray cameras for identification of 
phases at the temperature of oxidation^^ ’ *
2. 3. 3. Metallography
Although gravimetric testing provides essential information on 
oxidation behaviour, it is not self sufficient since it assumes 
that the oxidation takes place in a regular manner over the specimen 
surface. Although this is often the case there are numerous 
exceptions e.g. blister formation, intergranular oxidation etc. 
which would be detectable by metallographic techniques.
Microscopic examination of oxide scale on metals is a useful 
method of providing information on some of the characteristics of 
the oxide and the mechanism of growth or on the effectiveness of 
any coating employed to combat thermal corrosion. 'When sections 
are required, some mounting material is essential to hold the scale- 
together during the usual metallographic polishing procedure.
( Qg\
Rfeil’s classic work on the mechanism of oxidation of ferritic 
materials was done very largely by microscopic examination using 
sealing wax as a mounting medium and there are many references in 
the more modern literature to the use of cold setting plastics 
materials for this type of investigation^^ 9 . However, when
metallographic examination is employed to assess the protective 
value of hard, and often brittle, coatings used to combat thermal
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corrosion the soft plastics type material does not afford 
adequate protection to the surface to be examined.
A considerable amount of work has been carried out on oxidation 
characteristics using optical metallography including dark field 
illumination and polarised light techniques, hut electron 
microscopy is being used to an increasing e x t e n t . This technique 
has been applied mainly to stripped films which are sufficiently thin 
to transmit electrons although some use has been made of replicas.
The use of inert markers whilst a diffusion process proceeds has now
become a very popular method used to determine the relative proportion
in which two species diffusing in opposite directions contribute to
(38),(40).
an oxidation process.
2. 3. 4. Stripping of oxide films and chemical analysis 
The stripping methods that have been adopted are either chemical 
or electrolytic, the oxide film being removed by being lifted off, 
by attack of th6 metal at the metal/metal oxide interface or by 
general solution of the metal. The exact method employed depends 
upon the metal and oxide concerned.
(42)
Evans applied anodic solution of the metal to iron, copper and
(43)
aluminium and examined the films with a light microscope and Phelps 
stripped films from various metals for electron microscope and
(44)
electron diffraction studies whil6 Vernon has studied the 
stripping of oxide films from nickel and stainless steel.
Apart from examination, for example, by electron diffraction or
microscopically, stripped oxide films can be analysed chemically
and spectroscopic analysis may also be used as an aid to
(43) a .
identification. This latter process was used by Phelps during 
work on the oxidation of alloys on which complex oxides were formed.
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When differing layers are produced, it is often possible to 
separate them and determine the composition of each. Using the 
stripping technique the difference in composition a.t the outer 
and inner faces of a layer of scale may be investigated and the 
effect of temperature on the enrichment of the metals present 
determined.
2. L METHODS OF APPLYING QQATINRS
2. Um 1. Pretreatment prior to coating application.
Numerous references may be found in the scientific and technical 
literature to the chemical and mechanical pretreatments which are 
given to metallic surfaces before surface treatment is applied 9 •
These pretreatments are employed to remove existing natural oxide 
films, corrosion products or tarnish or to remove artifical coatings 
such as protective oils and greases or oxide films produced, by heat- 
treatment and manufacturing processes.
There are a number of processes employed to obtain a chemically 
clean surface prior to the application of a coating including the 
use of organic solvents, alkaline cleaners, ultra-sonic and shot- 
blasting techniques and acid pickling.
Organic solvents may be used cold, hot (by immersion) or as a 
vapour, but their action is generally not sufficient to remove 
solid insoluble particles which thus remain to interfere with 
subsequent surface treatments.
Alkaline cleaners are the most widely used of all cleaning media 
and they can. produce surfaces sufficiently clean for the electro­
deposition or chemical deposition of metals. Spray washing and 
immersion processes are employed but the degreasing action may be 
accelerated by passing a direct electric current through the solution, 
the work piece being made cathodic for most of the cycle with a 
short final anodic treatment to dissolve any metal deposited during 
the cathodic cycle.
With porous as well as smooth surfaces ultrasonic cleaning has
(47)
many advantages. This method of cleaning produces rapid
renewal of the solvent at the soiled surface coupled with a
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violent scouring action. The effect is obtained by the 
generation of high frequency vibrations in the solvent by means 
of a transducer fed with electrical oscillations of the required 
frequency which may be between 100 kc/s and 2 Mc/s. The high 
frequency waves cause the rapid formation and collapse of minute 
bubbles on the surface and the effect can penetrate into por©g and 
blind holes. The cleaning is extremely thorough and solid adherent 
particles are completely removed. Any type of detergent solution 
or solvent may be used provided that it has a high coefficient of 
compressibility and is not too volatile, as the energy dissipated in 
the solution can cause a marked rise in temperature.
Shot or grit blasting is extremely useful in cleaning the surfaces 
of refractory metals and finds application in removing the complex
(45)
oxides from Nimonic turbine blades . The surface produced is 
relatively fine and uniform and is beneficial in assisting the 
formation of a sound key for further coatings.
Acid pickling is another process much used to produce a surface
suitable for further treatment but the scales which form on the
more highly alloyed materials are thin, adherent, complex in
composition and difficult to remove. Several mixed acids have been
recommended for the more complex alloys, the type of acid solution
(48)
depending upon the composition and thickness of- the scale. Strict 
control of the chemical composition of the solution is necessary 
since severe pitting and metal loss may occur.
2. A. 2. Metallic Coatings - General
Since corrosion may be considered as fundamentally a surface 
reaction, all types of protective coating must, of necessity, 
involve a change in the surface composition of the component to 
be protected. This change may be brought about by the addition 
of a metallic (or non-metallic) material to the surface of the 
component to form a barrier between the body of the component and 
the surrounding environment. This form of coating is the most 
commonly employed and includes the use of paints, varnishes, 
6namels, plastics materials and electroplated metals, although 
these generally have little high temperature application. The 
mor6 important high temperature resistant coatings include those 
produced by diffusion processes, spraying, hot dipping, electro­
phoresis and vacuum evaporation.
When metallic surfaces are modified by diffusing into them a 
suitable metal or element a diffusion coating is produced which 
forms an integral part of the component and cannot be stripped off 
the parent metal as could a paint film or an electroplated deposit. 
In most cases there is little major dimensional change in the 
protected article, the alloying element penetrating into the 
metallic lattice without significant volume increase. These 
properties of integration with the underlying metal and negligible 
dimensional change are the most important features which 
distinguish diffusion coatings from other types of protection.
2. A. 3. Coating for High Temperature Protection
(49)
Faust has outlined the factors which determine the heat 
resistance of coatings ass-
(i) Oxidation (and/or corrosion) resistance.
(ii) Thermal stability.
(iii) Coefficient of thermal expansion relative to that of 
the base metal.
(iv) Tendency for interdiffusion between the coating and 
base metal.
(v) Properties of the diffusion alloy zone relative to 
performance needs,
(vi) Melting point of the coating and the diffusion alloy 
zone.
Table IX outlines some of the more important coating materials 
taking the above six factors into consideration.
TABLE IX
OXIDATION TEMPERATURES OF PROSPECTIVE COATING METALS
AO
i
! Coating
Melting
Point0! Methods of Application
Temp, of Pepid 
Oxidation0!. *■-*-*
A1 660 Hot dipping, metal spraying, 
aluminium paint plus heat 
diffuse, electroplating, 
diffusion.
500 - 1100"
Cr 1890 Electroplating, diffusion. 1100 - 1700
Co 14-95 Electroplating, electroless 
plating (chemical reduction), 
diffusion, spraying.
800- 1100
Au 1063 Electroplating.
Fe 1539 Electroplating, diffusion, 
spraying.
500 - 800
Ni 14 55 Electroplating, electroless 
plating, diffusion, spraying.
1100 - 1400
Nb(Cb) 2415 Diffusion. 500 - 800
Pt 1773 Electroplating, diffusion. -Above 1700
Re 3170 Electroplating, diffusion. 500 - 800
Rh 1966 Electroplating, diffusion. Above 1700
Si 1430 Diffusion. 1100 - 1400
Ta ■ 3000 Diffusion. 500 - 800
Ti 1820 Diffusion, electroplating, 
(fused salt).
1100 - 1400
■w 3410 Diffusion, electroplating (alloys) LOO - 1100
V 1735 Diffusion. 800 - 1100
Zr 1030 Diffusion. 1100 - 1400
Cr-Ni
alloy
Electroplating plus diffusion, 
diffusion.
Up to 11504H':
Or-Al
alloy
Diffusion, electroplating plus 
diffusion.
--
Cr-Al-Ni
alloy
Diffusion, electroplating plus 
diffusion.
Up to 1150**
Au-Cr alloy Electroplating plus diffusion. Up to 1100#*
* A1 usually fails’ by erosion rather than oxidation. By alloying to form
an Al-Fe compound, an A1 coating can resist oxidation up to 1150°C
for a short time, as demonstrated by its use as a coating on V-2 rockets.
** Temperature limits are estimates.
Classed according to the temperature range in which the rate of attack 
by air would cause severe erosion or failure of the diffusion coated 
specimen within a few hours. Other factors such as coating thickness 
rate of air flow etc. have not been taken into account. ($0)
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2. A. A. Electroplating
The majority of metals can be applied by elec trod epos it ion and
accurate control of deposit thickness may be maintained over a
wide range from 0,00001 in. or less to fractions of .an inch. However,
although porosity decreases with increased thickness, the coatings
(51)
produced are fundamentally porous and internally stressed often
(52)
giving reduced fatigue properties
Slectrodeposition is mainly employed for corrosion protection of a 
more corrodahle base metal, for decorative and heat reflecting 
finishes, wear resistaace etc. but not, in general, for high 
temperature protection. Some typical engineering uses are 
illustrated in Table X,
T&BLB X
Metal Application Thickness Aoolied in
Gr Building-up, hard surfacing. 0.0005 - o.io
1 Gu Stopping-off, undercoating. 0.0005 - 0.001
| Ni Building-up, hard surfacing, anti-fret, 0.001 - 0.10
Because of the low temperature characteristics of electrodeposited
coatings, post plating heat treatments are usually required to bond 
coatings metallurgicaULy to a substrate and to homogenise the coatings 
both chemically and physically. Thermal treatments are particularly
valuable when considering "duplex" treatments, for example,
o , , (53)oairanek has shown that .after post-plating heat treatment a
nickel-chromium deposit has higher oxidation resistance at elevated
temperature than either nickel or chrcmiim. A combination of
electrodeposition and thermal■ treatment has been investigated by 
. (54)
Gouch using the diffusion of aluminium electrodeposited over 
nickel. He found the diffusion coating to be much harder and the 
air - oxidation resistance superior to nickel coatings.
A2
2. L. 5. Electrophoretic Coatings
Efforts are being made to develop electrophoretic coatings for the
involves migration of solid colloidal particles in a liquid medium 
under electric potential, and deposition upon the substrate at an 
electrode. All classes of coatings can be applied by electrophoresis 
and their advantages include a vide range of compositional control, high 
density (compared vith flame sprayed coatings), good uniformity and high 
deposition rates, but because of generally poor adherence, post coating 
thermal treatments are usually required. Electrophoretically deposited
refractory metals. (55) This process akin to solution electroplating,
(56) (57)
metalloids and cermets have shovn promise for protecting refractory
metals at elevated temperatures and Lamb has illustrated the
feasability of electrophoretic deposition of refractory oxides.
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2. A. 6. Hot Dipping
The application of a coating by nhot dipping;T has the obvious 
limitations that the coating material must melt at a reasonably 
low temperature and the basis material must withstand the 
temperature without undesirable changes in properties. The 
process is thus limited in practice to coatings of tin, zinc, 
lead and aluminium when the base metal and the molten coating 
metal interact producing an alloy layer, For any given pair of 
metals, the total amount of alloy increases with the duration of 
immersion and the temperature of the bath. Th6 amount and nature 
of the alloy layer is profoundly affected by additions to the 
molten bath e.g. silicon additions to aluminium, and changes in 
base metal composition also hav® a marked effect.
Hot dipped aluminium coatings have excellent heat resistance, a
property not shared by tin or zinc coatings, for when exposed to
heat the aluminium coating is converted into alloy which provides
(59)
the heat resistance . The lif6 of the coatings depends upon the
maintenance of a minimum aluminium content in the alloyed surface.
Owing to diffusion into the base material the amount of aluminium
at th6 surface diminishes and for maximum life th6 aluminium rich
coating should be as thick as possible. The thickness is however
limited by the increasing tendency to flaking with increase in
coating thickness. But solution of the substrate in the coating
bath and coating discontinuities resulting from dross inclusions
(60)
have been reported as common reasons why the hot dip process 
has not been used more extensively.
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2. 4. 7. Vacuum Evaporation
Details of this process, which consists of a coating metal being 
evaporated from a heated source and allowed to condense onto a
substrate contained within a closed coating chamber, capable of
* (61) 
evacuation to approximately 10 J mm Hg, are outlined by Holland
(62)
and by Bus hah
There are difficulties associated with adhesion but compared with 
other methods, vacuum evaporation produces coatings with a most 
satisfactory corrosion resistance, the deposits are normally smooth, 
highly reflecting (depending upon the topography of the substrate), 
coherent, non porous and inclusion free.
Aluminium has been applied by this process to produce a heat- 
resistant coating and is finding considerable application in the 
field of aviation and rocketry.
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2. A. S. Diffusion Coatings
Whilst the bulk of present day applications is still concerned with 
the treatment of ferrous materials, diffusion coatings are being 
used to an increasing extent for the protection of nickel and cobalt 
base and refractory alloys. Table XI illustrates the field covered 
by diffusion processes.
TABLE XI
(45)
DIFFUSION HtOCESSES
Metal to be 
Protected
Coating
Element Nature of Resistance
Cu and 
Cu alloys.
A1
Ni (Ni + Cr)
Oxidation
Corrosion
Fe
Low G steel 
Med. and high 
G steel. Alloy 
steels.
Cast Irons
Zn
A1
1
Cr
«
B
Corrosion 
Oxidation 
Corrosion (acids) 
friction
Corrosion, oxidation, friction 
Friction, thermal corrosion
Ni and Go 
base alloys.
A1
Cr (+ alloys) 
B
Oxidation and thermal corrosion 
n tf ti H
Friction H n tt
Titanium and 
alloys,
Mo ^
W  ^
Nb j
Ta J
A1
Gr
fSi ) 
Gr
Zn (for Nb)
Thermal oxidation, friction. 
Friction
Oxidation up to l600°C.
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(63)
Priest suggests that for the immediate future TTthis process 
appears to be the most elegant way for protecting the refractory 
metals, taking into account the ease of control, the relative 
simplicity of operation, the adaptability to complex geometry and, 
most important, the previously established processing standards 
for such coatings”.
Mechanism of Coating Formation
Diffusion coatings ar6 formed by the solute metal being brought 
into contact with the surface of the solvent followed by gradual 
absorption of the solute into the lattice of the solvent; this is 
a classic diffusion mechanism.
The kinetics of the diffusion process can be expressed by Pick’s 
equationss-
P = -D 4 sdx
where P is the rate of permeation through a unit area of the 
solvent metal in the direction x, D is the diffusion coefficient 
and c is the concentration and
is = r,
*  dx2
which expresses the rate of increase of concentration at any 
point (when D is independent of concentration) ,
For diffusion into semi-infinite solids, the depth of diffusion 
is related to the time t by the equations 
x2 = 4 kDt
where k is a constant which is determined by the concentration 
at the surface and at a depth x. The diffusion coefficient 
varies with temperature according to an Arrhenius typ6 equations 
D = Do exp - *Vr T .
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where T is the absolute temperature, R the gas constant, Q the 
energy of activation and Do the diffusion factor.
Methods of deposition
(a) Solid-solid diffusion
The process relies on the fact that the diffusion outlined 
above occurs when the solvent metal has the solute metal 
(usually with a diluent added) packed round it in intimate 
contact and the whole is heated for a time dependent upon the 
coating thickness required. Th6 diffusion id arrested by rapid 
cooling.
(b) Gas-phase deposition
In this process a halide of the solute metal is passed in 
vapour form over the surface of the metal to be coated, which 
is heated to a temperature at which diffusion can take place. 
Temperatures of 500° to 1300°C can be used depending on the 
particular system considered.
Generally ’’filler” atmospheres such as inert gases are provided 
to carry the halide vapour.
Three main types of reaction can take place in which the metal 
halide, BX^, is reduced to metal B which then diffuses into 
the solvent metal As-
Interchanges A + BX2 (gas) ^  AX2 + B.
e.g. Fe + Cr Fe I2 Cr
Reductions BXg + 2 HX + B,
e.g. Cr I2 + H2 ^  2 HI + Gr.
Thermal BX2 ^  ^2 + ^ *
Dissociations _ v
e.g. Gr I2v- I2 + Cr-
The interchange reaction implies the removal of one atom of A
at the surface for each atom of B deposited. It therefore takes
18
place with a minimum change in weight or dimensions of the 
article. Both reduction and thermal dissociation reactions 
will result in an increase in weight (equivalent to the 
solute deposited) and slight increase in dimensions.
Properties of diffusion coatings
Generally the properties of a diffusion coating are those to be 
expected from a wrought or cast alloy of the same composition.
This generalisation assumes that the coatings are substantially 
non-porous, but, for example, the presence of carbon may result in 
the formation of slightly imperfect chromised layers and carbon 
containing alloys should thus be adequately stabilised by the 
addition of strong carbide forming elements such as titanium!^
Among the most important purposes for which diffusion coatings are 
applied are oxidation and thermal corrosion resistance. However 
the diffusion mechanism which is responsible for the formation of 
the protective coating will also take place if the treated 
component is heated within the same temperature rang6. This 
creates a gradual diffusion of the solute atoms in the parent 
metal without compensation for their reduced concentration at the 
surface, so that the nett result is an impoverishment of the alloy 
composition throughout the coating. This process is termed 
’rediffusion’1. It is thus often preferable to utilise coatings 
where the diffusion process has been arrested by the formation of 
a diffusion "barrier** e.g. of carbides in chromised high carbon 
steel^ ^  or carbides in an aluminised nickel a l loy^^.
(15)
Samuel has reported that at a temperature of 700°C the weight 
gain in air for chromised low carbon steel is negligible and small 
at B00°C, the curve showing the parabolic weight increase/time 
relationship which is typical of good heat resisting characteristics.
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However at 900°or 1000°G the parabolic pattern is evident for only 
a short period of time and after 50-100 hours the oxidation rate is 
appreciably higher than that of a 30$ chromium ferritic stool.
Surface analysis indicated that a strongly adherent chromium oxide 
film is predominant at temperatures up to 900°G but at higher 
temperatures there is a gradual increase in the iron content of th6 
oxides due to continuous diffusion of chromium inwards and diffusion 
of iron towards the surface. Eventually the surface chromium 
concentration is too low to provide adequate oxidation resistance.
(66)
The work of Samuel and Lockington also stresses the importance 
of base metal composition on the rediffusion phenomenon. They 
report that with a 0.2$ carbon steel having a ferrite core structure 
below 880°C, exposure at 950°C produces considerable rediffusion 
characteristics. In marked contrast a 1% carbon steel with 
primarily a carbide type diffusion coating has good oxidation 
resistance because the low solubility of chromium carbide in 
au9tenite at 950°C stabilises the coating composition which remains 
substantially unchanged for several hundred hours. With an 
intermediate carbon content (0,4$) the coating is primarily ferritic 
with some carbides mainly at the coating/core interface. Although 
the coating has good intrinsic resistance to oxidation and the 
carbide layer produces a diffusion barrier the oxidation rate is 
higher than for the low carbon steel. In this case failure is due to 
poor matching of the coating and core, the ferrite/pearlite structure 
of the parent metal which develops on cooling introduces stresses in 
the coating leading to coating cracks and consequent rapid failure.
2. A. 3. 1. Diffusion Coating of Nickel Base Alloys 
As previously illustrated in Table XI, chromium and aluminium are 
the major elements used to protect nickel base alloys against
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oxidation and thermal corrosion. Most methods of chromium and 
aluminium diffusion rely upon the reaction, at temperatures of 800° 
to 1200°C, of a chromium or aluminium halide upon the surface of the 
metal to be treated. Processes may be gaseous (retorts containing 
the component to be treated, over which chromium or aluminium 
bearing gas is passed) or semi-gaseous (the material is placed in 
boxes or retorts containing chromium or aluminium and a controlled 
atmosphere) 9 ^  ^  * The box process has been shown to be
satisfactory provided an adequate seal is ensured in order to 
prevent excessive loss of gases or oxidation of the c o m p o u n d '
The effect of surface treatment on the mechanical properties of 
Nimonic 90 has been investigated^^ and in general th6 results 
showed that, after full subsequent heat-treatment, the room 
temperature tensile properties are not significantly altered by 
processes of chromium and aluminium diffusion. However at 870°C the 
coated samples occasionally gave slightly higher U.T.S, but their 
elongation and reduction in area were appreciably lowered due to the 
relative brittleness of the diffused coatings introducing some 
rigidity. These features may conceivably affect the result of long 
term creep tests but short term tests have not given indication of 
such a change. In contrast high temperature fatigue tests have 
shown that the fatigue strength can be drastically reduced by the 
diffusion processes unless the number of thermal treatments is 
reduced to a minimum.
The "rediffusion” effect briefly considered previously must be 
borne in mind when diffused coatings of this type are to be 
employed at elevated temperatures for considerable times. The 
temperature ranges at which rediffusion becomes appreciable are
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(-45)
indicated in Table XII 
TABLE XII
TEMPERATURE RANGE AT WHICH '^DIFFUSION" BECOMES APPRECIABLE
Coating Metal Base Metal Temperature °C
A1 Ferrous materials 700
Ni base materials 950
Cr Low C steels 870
High G steels 950
Ni base materials 950
The effect of the percentage of carbides at the coating/core 
interface has previously been discussed for ferrous materials and 
carbon containing nickel base materials will show similar 
characteristics,
2. 8. 2. Chromium diffusion coatings
Nimonic alloys respond easily to chromising but the coating 
thicknesses obtained are usually less than those obtained on pure 
nickel^2  ^. The nickel/chromium constitutional diagram (Fig. 3) 
indicates that for treatment at 1100°G the solid solution is 
obtained up to approximately 40$ chromium, while (3 solid solution 
is formed for chromium concentrations above 86$. For intermediate 
compositions and coexist.
Simple diffusion must take place in a single phase so that at 110CPC 
the coating consists of an inner zone of ck structure merging with 
the nickel core and an outer f? zone with .a sharp change of 
concentration of 40 to 86$ chromium. On cooling, this boundary 
is broken down by the formation of a zone of mixed ok and [3 due 
to the decrease of solubility of chromium and nickel in the solid
.52
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solutions with reducing temperature.
All modern methods of chromising are based on the use of one of 
the chromium halides, used as such or generated in situ during 
processing. Thes6 processes are all dependent on reactions in the 
gas phase, of th6 interchange, reduction or thermal dissociation 
type, although their techniques of application vary broadly from 
pack to semi-gas6ous and purely gaseous methods. Samuel^*^ has 
shown that during the chromising of nickel base alloys the reaction 
is primarily one of reduction of the types-
G r + H2 = 2HX + Cr. 
where X represents fluorine, chlorine, bromine or iodine.
The reaction could, in theory, bring about 100$ concentration of
(72)chromium at the surface. Experimental results, however, show 
that this is not so and that the rate of reaction also decreases 
with time i.e. with lowering of nickel activity at the surface. It 
is evident that the reaction is catalysed by the nickel surface and 
becomes practically negligible when little or no nickel is present. 
Furthermore the reduction reaction, to be fully effective, requires 
the presence of an excess of hydrogen and a low partial pressure of 
hydrogen halide. The reaction will also be favoured by the highest 
possible Vapour pressure of chromous halide and the adequate removal 
of the product of reaction HX thus the average coating will normally 
only contain 35-A5% chromium.
2. 8. 3. Aluminium Diffusion Coatings
With reference to the aluminium/nickel constitutional diagram 
(Fig. 4) on the introduction of aluminium into nickel a range of 
solid solubility exists and the compound Ni^Ai forms at 13 wt % 
aluminium. With further aluminium additions the high melting 
point nickel aluminide (NiAl) phase occurs over the range 23.5 to
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36 vt. % aluminium and this phase is the basis of the diffusion 
coating. In excess of 36 vt. % aluminium Ni A1 forms and due to 
its relatively low melting point is considered undesirable in the 
ooating.
Aluminium may be diffused into Nimonic alloys within a broad range 
of temperature (700° - 1100°G) and as a result the structure and 
properties of the coatings obtained vary considerably; at 700°C the 
coating consists mainly of a shallower layer of high aluminium alloy 
with only slight diffusion in depth, whilst at 1000°C or above, the 
coating is appreciably thicker and of lower aluminium content. In 
practice only the coatings typical of high temperature treatments 
are of importance since those obtained at low temperatures 
eventually develop the same structure by gradual aluminium diffusion 
under service conditions.
The stable aluminium diffusion coating may thus be visualised as 
having a marked composition gradient ranging from approximately 
AO wt. % aluminium at the surface with Ni A1 present to nickel
ft Jj
rich NiAl (23.5 vt. % aluminium) at th6 coating/substrate interface 
with a band of Ni-Al adjacent to this. This band is usually
(65)
associated with carbides rejected from the supersaturated matrix
(73)
Buckle has illustrated that aluminium diffusion coatings on 
nickel base alloys are not brittle but that they deteriorate in 
flue gases above 800°C. However he reports that coatings produced 
by beryllium diffusion into a Nimonic 75 substrate contain BeNi and 
Be^ Ni and are stable up to 850°C but less ductile and subject to 
mechanical cracking.
2. A. 9. Oxide Coatings
There are various types of oxide coating in commercial use ranging 
from the porcelain enamels which are employed only in low 
temperature environments to sprayed oxide coatings applied to 
resist considerably elevated temperatures.
A porcelain enamel is officially defined as ,fa substantially vitreous 
or glassy inorganic coating which is bonded to metal by fusion at
( ni\
a tempera.ture above 800°F (A27°G)". Because of the large
number of materials that can be used, the number of formulations 
available is extremely high. However unless they are especially 
formulated most conventional enamels can only be used at 
temperatures up to 370°C.
Enamel - refractory oxide mixtures are in service to withstand 
much higher operating temperatures and these are largely made up 
of special high temperature porcelain enamel frits plus one or more 
refractory oxides such as the oxides of chromium, aluminium, 
titanium, cerium etc, Fabian^) reports that these coatings have 
been successfully used on various base materials including Inconel 
and Nimonic alloys giving considerable extension of operating life 
at temperatures in the order of 950°C.
However vitreous enamel is fundamentally a glass which is fused 
onto the bas6 metal to give an adherent, hard and resistant coating. 
The enamel "frit” is manufactured from smelted acidic refractory 
oxides such as silica and feldspar with basic fluxes including borax, 
cryolite, fluorspar and compounds of alkali metals (particularly 
sodium and lithium) and with the addition of opacifying agents in 
the form of oxides of titanium, tin, antimony or zirconium.
As with the other finishing processes discussed adequate preparation
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of the metal surface prior to enamelling is of critical importance 
and as at the temperature at which the enamel is fused chemical 
reactions take place between the base material and the coating, 
the material intended for enamelling must be controlled to a strict 
metallurgical specification, combined carbon and other non-metallics 
being kept to a minimum. Increasing use has been made in recent 
years of "nickel dipping'1 as a pretreatment for enamelling when, 
after pickling, the article is immersed in a solution of nickel 
ammonium sulphate which deposits a thin film of nickel over the 
surface serving to retard the reaction between the enamel and the 
non-metallics in the base metal during fusing.^5)
To give an efficient performance in service an enamel coating must 
have good adherence to the base metal and also approximately the 
same coefficient of expansion, as otherwise severe stresses will 
be set up by changes in temperature. The most effective way of 
promoting good adhesion is by the incorporation of cobalt oxide 
(and to a lesser extent nickel and manganese oxide). Fusing in the 
temperature range 600° - 850°C is continued for sufficient time to 
allow the enamel to melt and coalesce but is arrested before it has 
become a fully fired glass so that the final coating will retain 
some flexibility.
The tensile strength of enamels is low (e.g. sheet iron cobalt
(75)
ground coat is 10 Kg/mm2) and thus their coefficient of 
expansion assumes particular significance. For maximum strength 
characteristics the enamel should have an expansion coefficient 
slightly less than the base material so that the final coating is 
in a state of compression. A number of workers have drawn up 
tables of factors from which the effect of any particular 
constituent on the expansion of th6 enamel can be calculated.
58
However it may be concluded that ordinary vitreous enamels, which 
are applied and then fused, are of little use for high temperature 
service. Coatings of this type must fuse at a temperature well 
below the melting point of the metal to which they are applied and 
so they will soften at fairly low temperatures in service. Also 
they are not particularly effective as thermal b a r r i e r s ^ )  and they 
have low resistance to thermal shock.
2. 4. 10. Sprayed Costings
There are four major spraying processes in existence, each process
having its advantages and limitations.
(a) Molten metal is forced by compressed air or other compressed 
gas to travel forward at high velocity. If a droplet strikes 
a suitable surface while in the molten condition it will 
adhere and form one member of a deposit. The disadvantages 
of the process are that tool handling is difficult due to 
the presence of molten metal, the metal must be easily
fusible and there is considerable erosion on the nozzle orifice. 
However the process is cheap in comparison with other methods 
employed.
(b) Metallic or non-metallic powder is fed into a stream of gas 
and meets a fuel gas and oxygen mixture which gives a blow­
pipe flame on ignition. The powder particles melt and are 
projected forward as before. The advantage of this method is 
that alloys not conveniently drawn into wire form may be used, 
however, the process is not suitable for high melting point 
materials.
(c) This is similar to (b) above but employs metal wire or ceramic 
rods as the material to be sprayed. All modern forms of wire 
pistol, other than the electric types mentioned in (d) below, 
mak6 use of a gas flame to melt the material to be sprayed, 
and a surrounding stream of compressed gas (e.g. air) to 
disintegrate the film of molten material as it forms. The 
material must of necessity be melted very rapidly and it is 
thus essential that the gas flame should be of very high 
intensity. Approximate flame temperatures are illustrated
in Table XIII.
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TABLE XIII
FLAME TEMPERATURES °0
Atomic hydrogen 4000 Oxy-coal gas
3100 Air-acetylene
3100 Air-hydrogen
2760 Air-coal gas
2700
2000
Oxy-acetylene 23 25
Oxy-butane 2045
Oxy-propane 
Oxy-hydrogen
1530
The equipment is simple to handle and the feed of the wire can be 
synchronised exactly with the rat6 of molting.
(d) The fourth process employs an electric arc instead of the
gas flame. In one type two wires of the metal to be sprayed 
are fed through the pistol and an arc is formed at their 
point of approach in a stream of compressed air. Very high 
outputs are possible by this method, the limiting factor 
being the current carrying capacity of the wire.
In plasma or constricted arc torches, voltage is applied to two 
metal electrodes separated by a small air gap, and the p.d. at 
the moment the switch is put in causes some electrons to be 
extracted from the negative (cathode) face. The electrons gain 
speed and move towards the opposite anode face. In the intervening 
gas they collide with other atoms, detaching further electrons 
which move towards the anode, while the nucleus, starved of 
electrons moves to the cathode. The gas in the gap is ionised and 
can conduct electricity; a plasma is formed as a stream containing 
only electrons and ionised gas. As the conductivity of the plasma 
rises, the electrons impinging on the anode cause it to become 
heated and progressively its surface is torn away. Anode material 
appears in the plasma stream and a welding arc is produced with 
temperatures in the region of 4200°C.
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Plasma torches are of two types , transferred, mainly used for
metal cutting and non-transferred usually used for coating work.
(73)Some experimental vork has been described by Levinstein using 
wire and powder. The nature of the deposits obtained by these 
torches is comparable with arc sprayed metal and he illustrated that 
whilst the wire process is less expensive and its deposits are more 
dense, powder deposits are more uniform and give a finer structure.
The jet from the powder gun is much larger and tends to heat up the 
work often necessitating external cooling of the work piece. The 
wire torch is more efficient as the material to be sprayed from the 
wire is torn from the anode and is part of the process, whereas 
powder must be added and tends to cool the flame and slow down the 
reaction. The torch although small needs a considerable amount of 
ancillary equipment and the complete apparatus is of considerable 
size. However close control over coating dimensions, finish and 
density are realised in plasma spraying and Fabian^^ has reported 
that physical and mechanical properties of plasma sprayed coatings 
are superior to those of similar flame sprayed- c o a t i n g s .
2, 4. 10. 1 . Metal Spraying
Coatings produced by metal spraying have a characteristic structure 
of irregular flattened particles and in all metal spraying processes 
solid particles tend to become entrapped in the coating making it 
porous. But for high temperature oxidation resistance an aluminium 
coating for example may be treated with a seal of bitumsn or water 
glass and diffusion annealed for -J- hour at 850°C. This type of 
deposit will withstand oxidation for long periods at temperatures up 
to 900°C. The water glass process^^ has the disadvantage that
the surface is apt to become sticky in service; however the research 
carried out on the bitumastic method has been successful and this 
process is used for the treatment of exhaust manifolds for aircraft 
under a Ministry of Aviation specification D.T.D. 907B.
For resistance to high temperature air oxidation above 900°C good 
protection may be obtained by spraying nickel-chromium alloys 
followed by a heat treatment at 1100°C to facilitate diffusion 
between the base material and the alloy layer. However when stain­
less steel is sprayed it is necessary to use material which has been 
stabilised against weld decay as during spraying the stainless steel
f
particles pass through the critical temperature range. Thus
although the particle cooling rate is rapid it is not considered 
fast enough to arrest the chromium carbide precipitation.
2. 1. 10. 2, Adhesion of Sprayed Metal Coatings 
The success of the finished deposit depends greatly on the surface 
to which it is applied. Most metal coating processes depend upon 
interatomic forces or alloy formation for adhesion whilst in metal 
spraying it has been generally considered that the bond is 
entirely mechanical. Although each particle reaches the surface 
in the molten condition it has not sufficient heat capacity to 
fuse to the substrate and the process is virtually cold. Adhesion
63
could thus be purely the result of a mechanical interlocking of 
metal particles -with a clean and rough surface such as would be 
produced by grit blasting.
The manner in which sprayed metal adheres to a base has been a 
subject of discussion and controversy for many years. The general 
need for the surface of the base to be roughened has led to the 
view outlined above that adhesion occurs largely as a result of the 
deposit being mechanically keyed-in or locked to the base^2).
However it has been noted by Hoar^^ that good adhesion can on 
occasion occur when a metal is sprayed onto a smooth base and an 
alternative adhesion mechanism has been suggested by him involving 
the formation of metal/metal junctions between the base and the 
deposit. This type of adhesion arises essentially as a result of 
the interaction of atonic forces at the surfaces of the two metals.
In recent years much interest has been shown in the mechanism of
(BA)adhesion of molybdenum and various substrates, Cauchetier 1 has 
shown that the bond between molybdenum and steel differs from that 
between other metals, adhesion being obtained on a smooth surface 
and is accompanied by an increase in hardness due to alloying. The 
molybdenum must not be allowed to oxidise during the process, thus 
the gas used is of considerable importance, and his work suggested 
that to obtain a structural alloy bond the melting point of the 
coating metal must be higher than that of the base and the oxide 
should be volatile. Birchon has confirmed that molybdenum will 
adhere to fine machined or even ground surfaces of steel without 
relying on a mechanical key. He suggested that an alloy bond was 
produced due to the combined effects of the volatility of the oxide 
(MoO^) and the high temperature of impact of the particles. Further, 
his work showed that the roughened surface of th6 molybdenum then
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provides an excellent condition for the reception of a subseoauent 
deposit of other material, but that the use of molybdenum does 
reduce the endurance limit of the component due to the formation 
of an intense local residual stress system just beneath the 
deposited molybdenum layer produced by an austenite-martensite 
transformation. This problem would not of course arise if a 
material free from such phase change phenomena were sprayed.
(86)
Allsop also made a study of the interfaces between sprayed 
molybdenum and mild steel but he included chromium, cobalt and 
Brightray (80/20 Ni/Gr) bases. The use of chromium as a base 
material was abandoned when it was found that a molybdenum deposit 
was only weakly adherent. Examination of the interfaces using both 
optical and electron microscopy revealed that interfacial layers 
were present between the molybdenum deposit and the three bases 
principally concerned. The X-ray scanning microsnalyser confirmed 
that the layer between the molybdenum deposit and steel was an alloy 
of molybdenum and iron and he further suggested that in cases where- 
sprayed molybdenum adheres to a smooth base there are two mechanisms 
of adhesion, either or both may operate; one is the formation of an 
alloy layer between the base and the deposit, the other is the 
infiltration of fused metal from the basal surface into the pores of 
the deposit. For the second mechanism to function, two conditions 
must be fulfilled (a) the deposit must be able to fuse to the base 
and (b) infiltration of the fused metal to the porous deposit must 
not be prevented by surface films e.g. oxides.
Thuefb is clear that various factors will influence the adhesion of 
the deposit. The higher th6 melting point of the base the less 
likely the formation of a fused layer, the higher the conductivity 
of the base the thinner the surface zone that will reach the melting
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point and oxide films on the base or deposit particles may 
interfere -with heat transfer.
2. A, 10. 3. Ceramic Spraying
Many papers have been published in recent years on the subject of 
flame sprayed ceramics for high temperature application/
The wide interest in coating materials of this type is largely due 
to the need for abrasion resistant thermal barriers on components 
of jet engines, rockets and various types of reaction motors.
A criterion essential to the selection of a coating of this type is 
the substrate to which it is to be applied. Chemical and mechanical 
interaction between coating and substrate is just as important as 
interaction between coating and service environment. Bartlett 
has defined some features which may determine the suitability of 
specific systems as:
(1) Thermal expansion match between coating and substrate.
(2) Compatibility between coating and substrate
(a) diffusional stability
(b) chemical stability
(3) Effect of coating on substrate.
(4) Effect of substrate on coating.
The first factor is perhaps the most important feature and the 
mechanical forces existing within a system attributable to thermal 
expansion mis-match have been depicted by Grahai/^2) and are shown 
schematically in Fig. 5.
Some of the more important coating materials are shown in Table 
XIV.
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TABLE XIV
Properties of Flame Sprayed Refractory Oxide Ceramic Coatings
TYPE
Alum- ■
inium
Oxide
Zirc­
onium
Oxide
Zirc­
onium
Sili­
cate
Alum­
inium
Sili­
cate
Tita­
nium
Diox­
ide
50/blron 
Titanates 
50% Gamma 
Aluminium
Iron
Tit-
anate
Rare 
Earths 
(50% cer­
ium 
Oxide)
THERMAL 
PROPERTIESs
I
Melting 
Point °G
1965-
2000
2465-
2500
1650 1740 1740 1370 1370 -
Coef.of Ther. 
Exp.l0~6 per 
°0
7.2 - 
7.7
9.7
11.7
7.6 4.5 7.2 - - 9
Shock
Resistance Good
Very
Good Good - - - - -
OTHER
PROPERTIES
--- r
Vickers 
Hardness 
• (DPH 25-gm 
load)
1400 400
1000
Knoop 650 .500 800 700 600
Porosity $ 8-12 8-12 8-12 - - - - -
Al 2O3 coatings, for example, have become very popular in recent 
years and are noted principally for their high resistance to -wear, 
abrasion and oxidation and good thermal insulation properties. 
Because of the low application temperatures involved during spraying 
they can be applied to almost every ferrous and non-ferrous metal as 
well as some plastics and non-metallic materials. This type of 
coating is particularly suitable for high temperature applications 
since it does not oxidise or melt at temperatures up to 1980°C.
Most sprayed oxide coatings have low thermal expansion coefficients 
as compared to most metallic materials and this property is essential
68
where coatings must function as thermal barriers, as on parts -which 
receive some cooling influence on the side opposite the coating. There 
are two reasons why the coefficient of expansion of the coating must be 
lows—
(1) A sharp thermal gradient must exist within the coating itself 
and a high expansion coefficient would set up stresses causing 
coating disintegration.
(2) The mean coating temperature will be much higher than that of the 
base material thus a low coating expansion coefficient reduces 
stresses between the coating and base metal.
Ideally where a thermal gradient exists a gradient in the expansion 
coefficient should exist and could be produced, for example, using 
composite ceramic coatings. Several advantages are apparent for 
thermal barriers of this type, the high hardness and high melting 
temperature of the ceramic provides resistance to surface deterioration, 
the operating temperature of the metal shell is reduced permitting 
equivalent strength with thinner sections (e.g. for combustion chambers 
or rocket nozzles}, the need for super-alloys may be eliminated in 
some cases because of lowered operating temperatures. On some parts 
such as gas turbine blades of certain types little or no cooling is 
possible. For such applications where the coating and the base 
material reach the same temperature, the coating should have an 
expansion coefficient reasonably close to that of the base material... 
Various cermets (discussed later) have been developed to raise th6 
coating expansion coefficient and provide some ductility but alumina 
and zirconia based ceramics will withstand wide temperature ranges
(87)
when applied to materials of relatively low expansion coefficients.
The porosity of flame sprayed, ceramic coatings ranges from 8 to 12fc 
(87)
but Manuel has reported that their resistance to impact and abrasion
may be greatly improved by reducing porosity by impregnation using 
phenolics, furanes and a variety of organic and inorganic impregnants. 
He found that at exposure temperatures above 1000°C several sealings 
had to be used but above 200Q°C no seals would act.
Adhesion of Ceramic Coatings
Fundamental investigations on coating metals with AI2O3 carried out 
by Moore at the U.S. National Bureau of Standards for the U.S.A.F.^'^ 
have resulted in the development of a flame spraying process for the 
thermal protection of jet and rocket engine components. Powder and 
rod guns wer6 employed and it was observed that the rod gun normally 
produces bursts of particles and the powder gun a continuous stream.
The experiments showed that the strength of the bond formed between 
AI2O3 and iron increases exponentially with increase in surface 
roughness of the substrate. Sprayed AI2O3 did not adhere to polished 
metal and the bond strength for surfaces that had undergone severe 
roughening was many times greater than for surfaces that had received 
only mild roughening treatment. However bond strengths for coatings 
formed with the rod gun were greater than those formed with the powder 
gun.
Moore also investigated the particle velocity on impact which varied 
with the distance of the nozzle from the work piece. From the patterns 
produced by the particles when they deformed upon impact, it was 
determined that at 2 in from the powder gun most of the particles were 
molten only on the outside, at 4 in practically all of the droplets 
were completely molten, and at 6 in only the cores were molten. 
Particles that W6re completely molten at the time of impact adhered, 
more readily than the others, and the rod gun particles, because of 
their higher velocity, flowed more on impact than did the powder gun 
particles.
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Work reported by Lorant indicates that with a relatively slow 
cooling rate, the bond between AlqO^ sprayed coatings and the 
substrate (e,g. glass) is largely chemical; however, with metallic 
bases the cooling rate does not allow time for a chemical bond to 
form and the bond is thus principally mechanical in nature.
Although only lime stabilised zirconia was used as an example of a 
flame sprayed ceramic coating,Bliton and Rechter(90) report that the 
procedure of flame spraying the face of a 1 in diameter cylinder,- 
cementing a similar uncoated cylinder to the coated face, and then 
pulling the cylinders apart in a tensile testing machine, was found 
to be an acceptable method of determining coating to substrate bond 
strength. Using Incone1, Armco iron and aluminium as typical bas6 
materials they found that increasing the substrate surface roughness 
did not significantly increase the coating/substrate adhesion but they 
report that the irregular shaped projections and depressions afforded 
by a nickel-chromium undercoat promoted adhesion to all the substrates 
investigated; however increasing the substrate temperature range from 
100°G - 200°C to 100°C - 430°C during spraying had no significant 
effect on the coating adhesion to Inconel.
The effect of substrate surface finish has also been investigated 
( nV\
by BlitonV7 ' who found that spraying BaTiO^ onto various substrates 
produced a coating to substrate tensile bond strength of 500 p.s.i. 
for a very light sand blast-"! surface and 1030 p,s*i. for a heavier 
sand blasted surface.
Modification of Oeramic Coatings
While in the past ceramic coatings have been developed to withstand 
long exposures at elevated temperatures, new applications, especially 
in the missile field, require protection at extremely high temperatures
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for very short duration, in some cases only of microseconds.
Conventional ceramic coatings consist of a two phase system whereby
refractory particles are embedded in a glass matrix, and it has been
found that by changing the original two phase system into a three
phase system, consisting of glass, refractory particles and added
(93)fluxing agents, higher heat resistant ranges result. Among the 
materials selected for fluxing purposes lithia has given the best 
results to date, for it permits not only incorporation of higher 
quantities of refractory materials into the coatings without being 
forced to raise the application firing temperature, but also 
incorporation of super-refractories typical examples of which are 
quoted in Table XV,
TABLE XV
List of Super-Refractor.v Materials with M.Pts. above 2500°CA
Elements M.Pt,°C Borides M.Pt. Nitrides M.Pt.
C 3500 Hf 3050 B 2750
Mo 2650 ¥ 2900 Hf 3300
Os
3oso
Zr 2900 Sc 2650
R te
3>\50
Carbides Ta 3300
Ta 2850 Hf 4150 Ti 3200
¥ 3350 Mo 2550 Zr 3000
Oxides Nb 3500 Zirconates
Be 2500 Si 2550 Ba 2700
Ca 2550 Ta 4150 Ca 2550
Hf . 2800 Th 2800 St 2700
Mg 2500 Ti 3100 Th 2800
Th 2800 ¥ 2850
Zr 2950 Zr
Zr/Ta
3550
3900
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A good example of the use of a super-refractory such as boron nitride 
has been reported by Taylor^) and by Huppert.(95) If utilised in 
the form of a ceramic coating its lack of mechanical strength 
becomes unimportant and its oxidation resistance is increased by the 
surrounding glass phase. An interesting feature of boron nitride 
bearing coatings is their tendency towards self-healing under elevated 
temperature exposure. This is Important in the coating of molybdenum 
serving as a remedy for "catastrophic1’ oxidation.
Cermets
The melting points and expansion coefficients of some principal 
oxide refractories are listed in Table XIV, Unlike metals which begin 
to oxidise and decompose well below their melting points, these oxides 
deform at or near their melting points without any prior decomposition,
A compromise of properties can be obtained by utilising the high h6at 
resistance of ceramics and the strength and good thermal shock 
resistance of metals. A popular ceramic-metal combination coating 
consists of 92% tungsten carbide and 8fo cobalt. The coating is 
sprayed on and despite the high temperature of the gun, temperatures 
at the work surface do not exceed 200°C, Coatings 2 mils thick have 
withstood 500 cycles of rapid heating to 700°C without failure,.
(96)
Porosity is less than 0.5%, an indication of good oxidation resistance.
Other cermets containing chromium or aluminium have been successfully
employed as oxidation resistant coatings for long terms at
(74) (97)
temperatures in the order 5f 650°C and Long has reported
promising results using a nickel-magnesia cermet on high temperature
aircraft materials. Moore^^ employed a chromium-boron-nickel cermet
on low strategic alloys which when fired at 1036°- 1093°C melts and
becomes brazed to the surface giving protection against oxidation for
more than 300 hours at 815°C, and Cook^9^  has prepared a comprehensive
list of glass bonded refractory coatings for iron and nickel base 
alloys with details of coating composition, metal preparation and 
their applications
A recent investigation was made by Brandes^^) into the electro- 
deposition of cermets using A^O^, ZrC and SiOg ceramic particles 
plated with copper, nickel and chromium. He reported that the 
composition of the plating bath is of prime importance and whilst 
good electrodeposition was obtained using combinations of copper 
with AI2O3 and ZrC, and nickel with AI2O3, the experiments were 
unsuccessful using chromium with AI2O3 or SiC^.
74
-2,. 5» Assessment of Adhesion
(51)The quantitative methods described by Vagramyan to assess 
adhesion require special preparation of the test specimens and are 
chiefly of importance in studying the effect of variables on adhesion 
but the qualitative methods such as bending, hammering, stretching 
etc. described by Fergus on are equally useful. The qualitative
tests of indentation and grinding specified in D.T.D. 916A are simple 
methods of assessing the adhesion of the hard metallic coatings 
covered by this survey.
2. 6. General
In ths previous sections some of the major methods employed to effect 
protection of metallic materials have been briefly discussed and it 
is clear that if high temperature protection is envisaged fundamental 
coating characteristics must be obtained. For adequate protection 
the protective coating produced must be non-porous, strongly adherent, 
oxidation resistant, compatible with the base material and should have 
only a very slow deterioration and diffusion rate at the service 
temperature. For the protection of high temperature materials such 
as the complex Nimonic type alloys diffusion coatings employing heat- 
resistant metals such as chromium or aluminium or ceramic type coatings 
or both offer the best combination of the above properties.
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3 APPARATUS AND TESTING PROCEDURE
3. 1 Base Material
IB ft of wrought Nimonic 90 rod 0,5 in diameter, in the solution 
treated and precipitation hardened condition, was used for the 
investigation. The material, supplied by Messrs. Henry Wiggin, was 
subjected to spectrographic a n a l y s i s a n d  its composition was 
found to be within the limits laid down by specification D.T.D. 747 
and contained: -
Carbon 0,13% max. Titanium l.B - 3.0%
Silicon 1.5% max. Aluminium 0.8 - 2.0%
Iron 5.C% max. Cobalt 15 - 21%
l^hnganese 1.0% max. Nickel Balance
Ghromium IB - 21%
3- 2 Specimen Preparation
The rod, in 8 in lengths, was turned to 0,390 in diameter, ground to 
0.375 in diameter and parted to give 4 specimens 1.530 in long,
0,015 in was face ground from both ends of each specimen and a -g- 
diameter hole drilled across the diameter j: in vertically from the 
top. The hole was countersunk and any burrs carefully removed from 
the specimens using a fine oil stone. Details of the specimen are 
shown in Fig. 6.
3. 2. 2 Surface Finish
Definitions of surface texture are liable to very diverse inter­
pretations. Simple tests, such as low-power magnifiers, scratch 
tests and acoustic methods are only qualitative, relying for their 
accuracy on individual interpretation. In such tests it is difficult 
to know what characteristics of the surface are contributing to the
\77
Surface ground
0.375 
* in
0.25 in
X
Section X - X
Scale 2 x F .S.
FIG. 6 Specimen for use in thermal balance.
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final result. The most extensively employed methods of analysis 
utilise the stylus type of instrument e.g. the Talysurf.
Results obtained using a Taylor-Hobson Talysurf showed that the 
turned specimens had a C.L.A. value of 35 micro inches and 
exhibited distinct characteristics of the turned surface with a 
high rubbing tendency and a large secondary texture or ’’waviness”. 
The final ground specimens showed a good general form with 
characteristics typical of fine ground finishes. The C.L.A. 
value obtained was relatively constant and of the order of 15 
micro-inches. Typical results are illustrated in Fig, 7.
3. 2. 3
Longitudinal and transverse test pieces of the original as 
received bar material were prepared for metallographic 
examination and the expected surface intergrannular oxidation 
defect was observed. The average penetration of oxide was found 
to be 0.0015 in and a typical field is illustrated in Fig. 8.
Specimens were also metallographically examined after the 
machining operation and Fig. 9 clearly illustrates that the 
surface defect referred to above had been completely removed and 
no evidence to suggest that the machining operations had caused 
surface strain hardening was observed,
3. 2. k
The presence of surface strain hardening might affect any 
subsequent surface treatment process and in order to confirm the 
absence of the phenomenon a profile microhardness test was made. 
The profile of the -§"diameter machined specimen was marked on 
the as received material and microhardness tests were made using 
a G.K.N. microhardness tester employing a 30g load round the area
'1i D j L I N_ E N G  L A N D
R A N K  O R G A N I S A T I O N .  R A N K  T A Y L O R  H O B S O N
TURNED SPECIMEN 35 p in
112/329
I O N .  R A N K  T A Y L O R  H O B S O N D I V I S I O N
GROUND SPECIMEN 15 p in
M A D E  N J N G L A N D
THE  R A N K  O R G A N KIo n
GROUND AND TURNED SPECIMENS x5000/x100
x  1000 
x 100
x 5000 
x  100
x  1000 
x  100
x  5000 
x  100
GROUND
TURNED
FIG. 7 Surface textAire measurements - machined specimen
fig. a Specimen 9 x 200 unetched.
As received Nimonic 90 - surface oxidation.
FIG. 9 Specimen 6 x 100 etched.
Nimonic 90 - as machined.
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that would become the specimen surface after machining. 
Comparison of these results with the results of similar tests 
carried out on the surface of the as machined specimen showed 
an increase in hardness of 12 VPN indicating only very mild 
strain hardening.
3. 2. 5
Prior to any subsequent operation the specimens were degreased 
for 5 minutes in a Mullard ultrasonic degreasing unit adjusted 
to maximum agitation, using trichlorethylene solvent and air 
blast dried.
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3. 3 OXIDATION TESTING TECHNIQUE
The gravimetric method of measurement of weight increase as a 
function of time at constant temperature was considered to be the 
most convenient method of following the oxidation behaviour of 
the Nimonic alloys and of the coatings to be employed throughout 
the investigation.
A thermal balance (Figs. 10 to 12) was constructed using a 
Mettler H.5. multi-purpose balance of l60g capacity and 0.1 mg 
reproducibility which was adapted for weighing beneath the pan. 
Provision was made to suspend the specimen from 25 s*w.g. 
platinum wire connected to a hook on the adaptor under the pan,
A recrystallised alumina crucible with diametrically opposed holes 
in diameter ultrasonically drilled -J- in from the top was also 
suspended from this wire and the specimen was positioned centrally 
within it; thus the specimen and crucible weight would be observed 
continuously during experimentation. The sillimanite furnace tube 
18 in long by 65 mm internal diameter and 8 mm wall thickness was 
wound for vertical operation with 18 s.w.g. Kanthal A1 wire using 
5 windings to the inch at the lower end reducing to 3 windings 
per inch at the upper end thus creating a steady temperature zone 
over a length of approximately 8 in*
Temperature control was obtained using an Ether ’Transitrol”
991 anticipatory type controller of calibrated accuracy 
employing a 7 in indicator with variable setting adjustment, a 
platinum/platinum 1356 rhodium thermocouple and compensating cable. 
The controlling thermocouple was introduced from the top of the 
tube with the hot junction at a point midway along the specimen 
length. The balance was set on a simple rectangular trolley 
which was mounted on rails positioned accurately over the top of
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Thermal balance
Pt. wire 
to balance.
. 8 4
Thermocouple
Junction
box.
F IG . 11 Thermal balance furnace unit.
Scale F.S
Pt wire
0^1 in dia. hole
56mm
Recrystallised 
alumina crucible Specimen
(a) Crucible assembly
Trimor cement
Kanthal A-1
Sillimanite
65mm
(b) Furnace tube Scale 1 F.S
FIG. 12 Thermal balance details
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the furnace unit. This trolley and rail device vas constructed 
to facilitate movement of the balance away from the hot zon6 if 
required. An adjustable mirror arm was attached to the framework 
which when swung into position over the furnace mouth enabled 
accurate specimen siting in the furnace tube.
A convenient k in work zone was selected within the furnace tube 
and a thermocouple connected to a potentiometer was moved 
horizontally and vertically within this zone whilst the furnace 
was set at temperatures within the range 700°to 1100°C . The 
survey confirmed that a uniform temperature was being maintained 
to an accuracy of -2°G within the work zone and showed a variation 
of 15°C along the complete length of the furnace tube after 1 hour 
at the control temperature.
The unit was tested using specimens of copper and mild steel and 
on plotting weight gain against time the typical parabolic 
relationship was obtained. The results are tabulated in Table 
XVI and illustrated graphically in Fig. 13. The graphs compare 
favourably with known data and metallographic examination of th6 
mild steel specimens after oxidation testing showed a scale 
formation similar to that observed by Paidassi/10"^  it was thus 
considered that the apparatus was functioning satisfactorily.
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TABLE XVI
THERMAL BALANCE TESTS
Material Temperature Time at 
Temperature 
Hrs.
.........  I
Weight gain mg/cm
°C At Temp, From Room Temp,
Copper 700 10 13.71 N.D.
Mild Steel 700 26.75 11.53 13.01
Mild Steel 700 36 12.82 14.31
Mild Steel 800 2,5 12.27 N.D.
N.D. - Not Determined,
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Copper 700 C
Mild steel S00uC
Mild steel 700
10
5
0
Exposure time hrs.
FIG. 13 Thermal balance tests.
3. 4. DIFFUSION COATINGS 
3. 4. 1
The semi-gaseous process employing a box containing chromium or
aluminium and a controlled atmosphere has been shown to be
satisfactory provided, that an adequate seal is ensured in order
to prevent excessive gas loss or oxidation of the compound. This
process was considered to be the most convenient technique for
producing the chromium and aluminium diffusion coatings under
(104)
the conditions obtaining. The furnace used for the
diffusion treatments was a 1400°0 8 Kw Wild Barfield high speed 
steel heat-treatment unit.
3. 4. 2
The heat treatment boxes, illustrated in Figs. 14 and 15 wer6 
constructed as followss-
An inner box 8 in x 2 in x 2 in in mild steel.
An outer box 8.5 in x 2.5 in x 2,5 in in Nimonic 75.
A tray 10 in x 3.5 in x 1 in in Nimonic 75.
The boxes used for the chromising treatment were kept separate 
from those employed for the aluminising treatment throughout the 
investigation in order to prevent contamination of the mixtures 
employed.
In order to prevent any iron contamination of the mixtures, the 
boxes were pre-aluminised and pre-chromised i.e. packed with 
their respective powders, fired at the processing temperature 
and the mixture discarded before they were used to surface treat 
the specimens.
3. 4. 3
(104)
For the aluminising treatment the mixture consisted of 15#
by weight of pure aluminium powder (60 mesh to dust supplied by
P o w d e r e d  g l a s s *
Packing material*
S p e c i m e n .
Scale F *S •
FIG. Diffusion treatment box.
9 1
FIG* 15 Diffusion treatment box assembly illustrating 
specimens before and after aluminising.
Rear of 
furnace.
Test pieces 1 to 4.
Specimens 1 to 8,
FIG. 16 Arrangement of specimens in diffusion 
treatment box.
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Messrs. Murex Ltd) and 85% by weight of "Analar" alumina (60 
mesh to dust) as the inert or quasi-inert refractory diluent.
Kaolin powder was also employed as an alternative diluent but 
as its packing characteristics were found to be inferior to 
those of alumina its use was discontinued. The powder was 
carefully mixed and immediately prior to packing 0.5$ by weight 
of "Analar” ammonium chloride was added to act as the activator.
The specimens and test pieces were packed with the mixture in the 
inner box in the manner illustrated by Fig. 16 and the outer box 
was sealed to the tray using powdered glass.
This sealing method ensured free escape of gases during the 
heating period, a liquid seal at the processing temperature and 
a solid silicate seal sufficient to withstand contraction of 
gases during cooling.
3 • Am A
(10  A)
For the chromising treatment a mixture of 50% by weight of
pure chromium powder (60 mesh to dust, supplied by Messrs. Murex 
Ltd) and 50$ by weight of "Analar” alumina (60 mesh to dust) as 
the diluent, was employed.0,5$ by weight of "Analar" ammonium 
iodid6 was added immediately prior to packing as the activator.
The ammonium iodide was used to produce the required atmosphere 
in preference to othorhalides as the iodide has been shown to 
give the most consistent results.
3 .  A . 5
The processes were initially tested using mild steel test pieces 
aluminised at 890°G for 3 hours and chromised at 1020°G for 6 
hours, which were subsequently examined metallographically, 
hardness tested and subjected to air-oxidation tests in the 
thermal balance. The results of the air-oxidation tests illustrated
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graphically in Fig, 17 indicate ‘that a considerable improvement 
in oxidation resistance is afforded by these diffusion treatments. 
The metallographic structures observed (Figs, IB and 19) and the 
results of the above tests shown in Tables XVII and XVIII 
confirmed that the processes were satisfactory and the treatment 
of Nimonic 90 specimens was therefore initiated,
TABLE XVII
SURFACE TREATMENT OF M U D  STEEL
Process
..  ...... ...
Temperature Time
Goaiing
Thickness Hardness
°G Hrs. in Case HV 30g Gore HV10
Aluminising 890 3 0,006 450 152
Chromising 1020
.....
6 0.001 530 134
. . .......
TABLE XVIII 
AIR-OXIDATION TESTS
Material
Test
Temperature
°C
Time at 
Temperature
Hrs.
Weight gain mg/cm
At T emp. From Room Temperature
Mild Steel 700 26.75 11.53 13.01
Aluminised 
Mild Steel
700 26.75 0.307 N.D.
Ghromised 
Mild Steel
700 26.75 0.351 N.D.
Mild Steel BOO 2.5 12.27 N.D.
Aluminised 
Mild Steel
900 24 2.435 N.D.
Chromised 
Mild Steel
900 24 1.996 3.146
N.D, - Not Determined,
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Aluminised M/S - 900°C
^ * 3
Nimonic 90 - 1000 G
Chromised M/S - 900 C
Chromised M/S - 700°C
Aluminised M/S - 700 C
20100
Exposure time hrs*
Thermal balance tests.
Alurainised coating
?IG. 18 Specimen 1c x 100 etched.
Mild steel alujninised at 890 C for 3 hours.
.Reinforced mounting 
medium.
Cr rich outer zone.
Carbide rich zone.
Decarburised zone.
Mild steel core.
FIG. 19 Specimen lcr x 100 etched.
Mild steel chromised at 1020 C for 6 hours, 
illustrating decarburisation due to
(a) loss of C to the atmosphere and
(b) carbide formation.
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3. 4. 6 Aluminising of Nimonic 90
The treatment was performed at 850°C or 1000°C for 4 hours 
followed by rapid (air) cooling. Although diffusion will occur 
at temperatures as low as 700°G only the coatings typical of the 
higher temperature treatments are of importance since those 
obtained at low temperatures lose their identity by gradual 
aluminium diffusion under service conditions. The results of the 
diffusion process are illustrated in Figs. 20 and 21 and Tables 
XIX and XX.
TABLE XIX
VICKERS HARDNESS TESTS - NIMONIC 90
AS RECEIVED MACHINED ALUMINISED 350°C ALUMINISED 1000°C
EDGE CORE EDGE CORE CASE GORE GASE CORE
305 305 317 305 870 320 850 29 A
Both edges - 30g Load x 500 magnifications
Both cases - 100g Load x 500 magnifications
Gore material - 10 Kg Load
TABLE XX
COATING THICKNESS - ALUMINISED - NIMONIC 90
TREATMENT TEMPERATURE °C TEST PIECE NO. THICKNESS ins.
850 1 0.004
1000 1 0.006
1000 2 0.0068
1000 3 0.0058
1000 4 0.0045
..
Specimen 13 x 100 unetched. n
Nimonic 90 aluminised at 850 G for 4 houi*s.
Specimen 21 x 100 unetched. o
Nimonic 00 aluminised at 1000 G for 4 hours.
The coatings obtained showed a thin aluminium rich outer film, 
followed by the main coating which consisted of a dark etching two 
phase structure and a thin transition layer to the core structure.
The two phase layer presumably contained a large percentage of high 
melting point compound NiA 1 (dark) together with Ni-Al solid solution.
3. A. 7 Chromising of Nimonic 90
The processing conditions were arranged so as to replace the 
recommended solution treatment of the alloy when the diffusion 
treatment could be followed by the normal precipitation treatment 
(700°G for 16 hours). The process was therefore carried out at 1080°C 
for 8 hours followed by rapid (air) cooling. Since Nimonic 90 contains 
a high percentage of chromium (20%), this further chromium enrichment 
at the surface produced a relatively shallow diffusion layer of the 
order of 0.002 to 0,003 in. Electrolytic etching in hydrofluoric acid/ 
glycerol solution revealed an unetched outer layer of maximum chromium 
content followed by a further diffusion layer of grain pattern similar 
to the core but containing a large number of inclusions mainly within 
the grains. Typical structures are illustrated in Figs. 22 and 23.
3. A, 8 Adhesion Testing
After both aluminising and chromising treatments, the specimens were 
subjected to simple qualitative adhesion tests. The tests employed 
were those outlined in specification D.T.D. 91&A for the testing of 
hard chromium plated articles and consisted of indenting the test 
piece using a tungsten carbide tipped indentor and of grinding a vee 
through the coating to expose the base metal on a standard grinding 
wheel. After being subjected to these tests the coatings showed no 
indication of exfoliation and the adherence was considered to be 
satisfactory.
FIG. 22
*
P .
Specimen 58 x 300 imetched.
Nimonic 90 chromised at 1080°0 for 8 hours.
& d %
glG-y-.U Specimen 29 x 150 etched.
Nimonic 90 chromised at 1080°C for 8 hours.
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3.5. SPRAYED GOATINGS 
3. 5. 1
The spray unit employed was the Mark 40 spray pistol manufactured 
by Messrs, Metallisation Ltd, (Fig, 24), Its high power -and 
infinitely variable speed control mechanism enables all sizes of 
metal wire and ceramic rod up to 3/l6 in diameter to be sprayed 
efficiently. The unit consists essentially of an air driven turbine, 
a wire roller assembly, a gear box, a magnetic speed control mechanism 
and the gas head.
The intermediate coatings employed during the investigation were 
produced usings-
(a) 2 mm diameter molybdenum wire, and
(b) 2 mm diameter 80% nickel-20% chromium alloy wire.
The final coating was produced using 3/l6 in diameter high purity 
(98.£$ AI2O3) gamma type alumina rods.
During the spraying of metal and ceramic coatings the air regulator 
was set to read 65 lbf/in2 minimum and the gas flowmeters (Fig, 25) 
indicating the difference between the oxygen and acetylene flow were 
set at a differential of approximately 6 units.
When spraying with the metallic wires the acetylene regulator was set 
at 15 lbf/in2 and the ;oxygen at 22 lbf/in2 and for optimum spraying 
conditions the maximum tension was set on the rollers with a minimum 
feed rate. After ignition the feed rate was adjusted to produce a 
suitable conical spraying zone.
W^hen ceramic rod was employed, the gun nozzle was bored out to 0,005 in 
over the average rod diameter in order to give unrestricted flow.
Minimum tension was set on the rollers and the feed rate was adjusted
1 0 1
FIG. 2L Mark 40 spray pistol
FIG. 25 Assembly unit for air regulator, filters, 
flowmeters and grit blast connection.
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to a minimum. With the acetylene regulator set at 20 lbf/in2 and the 
40 lbf/in the feed rate was adjusted as in metal wire 
spraying to produce the optimum conical spray.
The practical layout of the equipment is illustrated diagramatically 
in Fig. 26.
3. 5. 2
In order to spray the cylindrical specimens they were clamped in a 
slightly modified gramophone turntable (Fig. 27) . The turntable was 
covered with asbestos sheet and the central spindle removed and 
replaced by a chuck capable of accepting the test pieces. The unit 
was mounted vertically in a steel frame so that the specimen was 
revolved in a horizontal plane to facilitate the spraying process.
The specimens were sprayed by moving the gun horizontally along the 
specimen length whilst the specimen was revolved at 78 r.p.m. In 
order to keep the sprayed particle velocity constant a guide line 
marked on the working table surface was followed, thus ensuring that 
a distance of 6 in between the nozzle and the specimen surface was 
maintained,
3. 5. 3
Prior to any spraying treatment the specimens were ultrasonically 
degreased as previously described and were grit blasted for 60 
seconds. After these treatments the specimens were only handled 
using dry, degreased nickel tongs.
3. 5. 4
The spraying processes were initially checked using mild steel 
test pieces and Fig. 28 is a typical photomicrograph of a mild steel 
specimen with a molybdenum flash obtained after 10 seconds of spray 
followed by an alumina coating obtained by spraying for 20 seconds.
1 0 3
CIL-TE.E PIL.JEK
PlSJoL.
A\Z C E .C E IV E R
aic
FIG. 26 Layout of flame spray equipment.
FIG. 27 Turntable unit.
1 0 4
"Alumina
Molybdenum
FIG. 28 Specimen 4-7 x 100 etched.
Mild steel flame sprayed with molybdenum and 
alumina.
105
The coating thicknesses produced "were approximately 0.0025 in 
molybdenum and 0.017 in Al^O^.
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3. 6, METALLOGRAPH10 TECHNIQUE 
3. 6. 1
Metallography was considered to be of great practical value in this 
investigation for the assessment of structural changes which take 
place immediately beneath the oxide layers formed, in the detection of 
inter granular oxidation and in the determination of the effectiveness 
of the coatings employed. The specimens were examined using normal 
bench metallurgical microscopes or the Vickers projection microscope 
at magnifications up to 1500x. Etching was by immersion in the relevant 
etchant or by electrolytic methods.
3. 6. 2
As examination of the surface of the specimens was of prim6 importance 
to the investigation a metallographic mounting technique was developed.
By mounting the complete 1,5 in long specimen in perspex reinforced with 
fine iron particles (a perspex to iron ratio of 9 to 1 by volume), 
turning and surface grinding back a known distance, (Fig, 29) examination 
of a similar area of each specimen and conservation of all surface 
phenomena was ensured.
The success of the process is clearly illustrated by Fig. 30 which is a 
photomicrograph of the oxide layers formed on mild steel after air- 
oxidation at 700°C for 2A hours. The oxide layers viz; FeO, Fe^O^ and 
^^2^3 have been preserved by the mounting process and are similar to 
those illustrated by Kubaschewski and Hopkins.^
3. 6. 3
Some difficulty was encountered in the metallographic preparation of 
the aluminised specimens due to the great variation in hardness and 
ductility between the case and core materials. It was found that prolonged 
grinding was required on an intermediate grade of emery paper (2/0)
1 0 7
Mount material turned 
down to specimen.
0.7inSpecimen parted off
1.6inFine ground
Oxidised specimen
li
FIG. 29 Preparation of specimen for metallography.
FIG. 30 Specimen 12 x 100 unetched.
Mild steel air-oxidised at 700°G for 2U hours.
followed by careful finishing on 6 micron and -J- micron diamond paste. 
The diamond polishing technique was carried out for long periods of 
time, often 10-12 hours, using a Nash and Thompson vibratory polisher. 
Fig. 31 illustrates the microstructure of the aluminised coating 
produced at S50°C on Nimonic 90 after the normal relatively short term 
preparation whereas Fig. 32 is a photomicrograph of the same specimen 
after the prolonged fine grinding and polishing treatment had been 
applied.
Although other methods of metallographic mounting and polishing were 
investigated such as the use of waxes and proprietary plastics mixtures 
followed by polishing on alumina and chromic oxide etc., the method 
described above gave the most satisfactory results and has proved most 
reliable.
FIG. 31 Specimen 13 x 100 unetched. Incorrect preparation. 
Nimonic 90 aluminised at 850° C for U hours.
FIG. 32 Specimen 13 x 100 unetehed. Correct preparation.
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3. 7-. ADHESION TESTING TECHNIQUE FOR SPRAYED CERAMIC COATINGS 
3* 7-. 1
The coating/substrate adhesion of the flarne sprayed ceramic coatings 
was a vital factor in the investigation and an easily reproducible 
adhesion test was desirable. It was considered that a room temperature 
bend test employing a standard test piece, radius of bend and strain 
rate would be a suitable comparative test and because of the large 
number of tests envisaged, a test involving sheet metal was considered 
to be far more convenient than devising a test employing the difficult 
and lengthy preparation of round bar specimens outlined in section 3*2.
3. 7. 2
The Tensometer bend test attachment 2893Cwhich is capable of a 90° bend 
over a standard former was selected and used with a crosshead speed of 
-g in/min. Figs.33 and34 illustrate the equipment employed.
8 ft of 6 in wide x l/32 in: thick Nimonic 90 sheet in the fully heat- 
treated condition was obtained from Messrs. Henry Uiggin for the tests 
and cut to form specimens 5/l6 in wide and 2 in long. The specimens 
were descaled in hot HGi solution and all traces of smut produced by the 
descaling treatment were removed. The edges were carefully rounded to 
avoid any stress raising points, and the test pieces were ultrasonically 
degreased as previously described before any subsequent treatment.
I l l
FIG. 33 Bend test attachment showing specimen before 
stress application.
FIG. 3L Bend test attachment at completion of test.
Specimen has cracked.
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3.8 ELECTRON PROBE MICRO ANALYSIS
Selected mounted specimens were cut to a height of 0.8 to 1.0 cm using 
a Tyslide diamond slitting machine employing a high speed diamond 
impregnated wheel so as to leave the surface previously examined 
metallographically, unblemished. The prepared specimens were then
subjected to electron probe analysis.
The apparatus used to obtain the analyses was the Cambridge nGeosca.n" 
electron probe microanalyser held at the University of Surrey. The 
machine employs a 75° X-ray take-off angle and the crystals used in the 
analyses were mica (for aluminium) and lithium fluoride (for nickel, 
cobalt, chromium and iron). The voltage employed was 25 kV with a beam 
current of 50 to 100 m/*A and the scanning rate during the analysis was 
10^m/min at a chart speed of 1 division (-r in) per minute.
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4 RESULTS
A. 1 NIMONIC 90
In order to obtain fundamental oxidation data on the base material 
employed, air-oxidation tests were performed on uncoated Nimonic 90 
specimens in the temperature range 900°C to 1050°G for 24 to 120 
hours. The results, recorded in Table XXI (Appendix II - Tables 
A I to A VII) are shown graphically in Figs. 35 and 36.
TABLE XXI
AIR-OXIDATION TESTS - NIMONIC 90
TEMP,
OC
TIME AT TEMP. 
HRS.
TIME TO REACH TEMP. 
MINS.
WEIGHT GAIN Mg/cm2
AT TEMP. FROM ROOM 
TEMP.
AT ROOM 
TEMP.
900 26.75 40 0.49 1.053 N.D.
925 26.75 30 1.017 1.967 N.D.
950 26.75 45 1.119 2.475 N.D.
975 26.75 60 1.097 2.661 N.D.
1000 26,75 60 1.389 2.807 N.D.
1025 26.75 65 1.718 2.924 1.184
1050 26.75 55 1.784.. 3.436 N.D.
950 120 45 1.575 2.931 1.703
1050 120 55 3.604 5.256 3.701
N.D. - Not determined.
The weight increase/time curves are of the parabolic type and at the 
lower temperatures of testing, considering the slope, indicate that 
Nimonic 90 has a natural resistance to oxidation, the oxide layer 
forming in air giving a very complete protection. As the temperature 
is raised the slope is sharper and the rate of oxidation indicates 
a trend to gradual deterioration for exposures longer than the 
period of the test.
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IJG« 36 Air-oxidation tests. 
Nimonic 90.
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In order to confirm that the oxidation rate of these alloys is of 
a parabolic nature following the general form of the equation
(AW)2 = Kp.t + G 
where A W  is the weight increase attributable to oxidation, t is 
the exposure time and Kp and C are constants, the results of the 
120 hour exposure tests have been presented in the form of (AW) 2 
plotted against time (Table XXII, Fig. 37). The straight line 
graph obtained confirms a parabolic relationship.
TABLES XXII
AIR-OXIDATION RESULTS FOR NIMONIC 90
Test Temperature 950°G Test Temperature 1050°C
Exposure 
time 
hr s.
Wt, increase 
A W  
mg/ cm*'
( A M ) 2
2 -A mg cm **
Exposure
time
hrs.
Wt. increase 
6 W
mg/ cm^
( A W ) 2
2 -A mg cm H
8 2.01 A.0A 10 2.93 8.58
2A 2.13 A.5A 20 3.30 10.89
33 2.21 A. 88 32 3.60 12.96
A8 2.29 5.2A 50 A.10 16.08
60 2.3 A 5.A8 60 A. 23 17.89
70 2.38 5.66 70 4.A9 20.16
80 2.A5 6.00 80 A.56 20.79
100 2.56 6.55 100 A. 99 2A.90
120 2.60 6 . 7 6 107 5.10 25.10
120 5.26 27.67
The result of a metallographic survey of selected specimens from 
this series of tests is illustrated by Figs. 33 to AO which indicate 
that the specimens exhibited considerable intergranular oxidation 
penetrating to a depth of 0.003 to 0.006 in. Thus although the 
gravimetric air-oxidation tests indicated a reasonable resistance
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FIG* 37 Parabolic plot for air-oxidation of Nimonic 90.
1 1 8
PIG> 38 Specimen 16 x 100 unetched„
Nimonic 90 after air-oxidation at 950 C for 120 hours.
P t e i #  
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- FIG. 39 Specimen 16 x 100 etched.
FIG. AO Specimen 15 x 100 unetched.
Nimonic 90 after air-oxidation at 1050"G for 120 hour
1 2 0
to oxidation, examination of the surface showed a relatively high 
proportion of deterioration.
The scale formed was found to be 0,002 to 0,003 in in thickness and 
Fig, 39, which is a photomicrograph of a typical etched specimen, 
clearly indicates a white surface layer probably due to the loss of 
alloying elements at the surface beneath the oxide scale, due to the 
oxidising treatment. The observed layer could also be attributable 
to decarburisation.
A. 2 DIFFUSION OOATINGS 
A. 2, 1
As a comparison with the above data and in order to investigate the 
protection afforded by surface diffusion treatments, specimens of 
Nimonic 90 were aluminised and chromised in the manner described in 
Section 3* The treated specimens were subjected to air-oxidation 
tests on the thermal balance in the temperature range 800°C to 
1100°C for times varying from 80 to 335 hours. The results of 
this series of tests are illustrated in Figs, 41 to 43 (Appendix II 
- Tables B I to B VIII and C I to G VIII).
4, 2. 2 Chromised Coatings
Fig, 41 indicates the we'ight gain/time relationships for the 
chromised specimens which again are parabolic in nature. Considering 
its slope the curve obtained at 800°C is indicative that the 
treatment affords good protection, whilst the steepening slopes 
obtained above 800°G indicate that gradual deterioration is possible 
after longer periods of exposure. The curve illustrating the 
behaviour of the specimen chromised for 24 hours clearly reveals 
the greater protection afforded by the more deeply diffused coating. 
Curves for untreated Nimonic 90 have been included for comparative 
purposes and these clearly show that the chromising treatment 
increases the amount of oxidation as determined by gravimetric 
methods.
A. 2, 3 Aluminised Coatings
Fig, 42 shows the weight gain/time relationship for the Nimonic 90 
specimens aluminised at 1000°G for 4 hours and clearly illustrates 
that up to temperatures of the order of 1000°G the protection 
afforded by this treatment is extremely high. Above 1000°C however, 
the resistance to oxidation is markedly reduced although the slope
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Exposure time hrsFIG. A1 Air-oxidation tests.
Nimonic 90 chromised (Bhrs) at 1080°C
Uncoated 1050°C
Exposure time hrs.
FIG. k2 Air-oxidation tests.
Nimonic 90 aluminised (1000°C).
Uncoated 950°C
_©
  — 0 —
100
Exposure time hrs.
Air-oxidation tests.
Nimonic 90 aluminised (S50°C).
of the parabolic relationship obtained at the test temperature of 
1050°C leads to the inference that after a relatively high amount of 
initial oxidation has occurred during the first 50 hours of service, 
good protection is afforded thereafter. The slope obtained at 
1100°C shows a considerable increase indicating that the protective 
value of the coating will be reduced with longer exposure times. 
However comparison with the curves obtained for the uncoated material 
shows that in contrast to the chromising treatment, this diffusion 
process markedly increases the oxidation resistance of Nimonic 90 as 
determined by gravimetric methods.
Fig. 43 shows the weight gain/time relationship for the Nimonic 90 
specimens aluminised at B50°C for 4 hours.
4 .  2 .  4
The results obtained during this series of tests have been recorded 
in Table XXIII in order that a critical comparison may be made.
Since the air-oxidation characteristics of the uncoated and 
diffusion treated Nimonic 90 specimens have been shown to be of a 
parabolic type, their oxidation rates within the temperature range 
800° to 1100°C have been obtained from the parabolic relationship 
of (weight gain)2 per hour (Kp). The oxidation rate shown has been 
calculated from the maximum testing time and weight gain observed 
from room temperature at the commencement of the tests to room 
temperature at the completkn of the tests, the specimen being 
allowed to cool in the furnace.
TABLE XXIII AIR OXIDATION RESULTS
1 2 6
SPECIMEN 
NIMONIC 90
TEST 
TEMP.0 p
\J
EXPOSURE 
TIME 
hrs.
WEIGHT
gain2
mg/cm
OXIDATION RATE
2(KM  -1mg cm hr
Chromised 1080°0 24 hrs 900 73 0.44 0,0027
Chromised 1030°C 24 hrs. 1100 239 4.1 0.070
Chromised 1060°C S hrs.
ooto 282 0 .50 0.0009
Chromised 10S0°C 8 hrs. 850 286 1 .2 0.005
Chromised 1080°C S' hrs. 900 335 2 .0 0 .012
Chromised 1080°3 8 hrs. 950 262 3.5 0.047
Chromised 1080°C 8 hrs. 1000 288 4.8 0.080
Chromised 1080°C 8 hrs. 1050 289 6 .6 0.15
Chromised 1080°0 8 hrs. 1100 US- 5.2 0.23
Aluminised 850°0 . 4 hrs. 850 261 C.07 0.00002
Aluminised 850°C 4. hrs. 950 220 1 .0 0.0045
Aluminised 850°C L hrs. 1050 220 1 .1 0.0055
Aluminised 1000°C 4 hrs. 800 279 0.3 0.0003
Aluminised 1000°C 4 hrs. 900 261 0 .46 0.0008
Aluminised 1000°C 4 hrs. 1000 274 0 .6 0.0013
Aluminised 1000°C 4 hrs. 1050 287 3.1 0.033
Aluminised 1000°C 4 hrs. 1100 117 4.7 0.19
Uncoated 950 120 1.7 0.024
Uncoated 1050 120 3.7 0.11
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Consideration of the results recorded for the chromised specimens 
clearly reveals that the use of a chromium diffused coating 
increases the oxidation rate of Nimonic 90, a confirmation of the 
results shown as a simple gravimetric plot in Fig. 41, but 
comparison of the two chromising treatments employed indicates the 
greater resistance to oxidation afforded by the more deeply diffused 
coating produced by processing for 24 hours at 1080°C.
The figures also show the expected increased oxidation rate obtained 
when increasing exposure temperatures were employed. The rapid 
increase observed for the specimens chromised for 8 hours is 
illustrated graphically in Fig. 44 from which it is noted that a 
marked acceleration in oxidation rate occurs when exposure temperatures 
in excess of 950°C are employed.
Consideration of the results recorded for the aluminised specimens 
illustrates that the aluminium diffusion process considerably 
reduces the oxidation rate of the Nimonic alloy in the temperature 
range investigated. Comparison of the figures obtained for the two 
aluminising treatments indicates that below both processing temperatures 
the 1000°C treatment gives a faster rate of oxidation than the 850°C 
treatment, above 850°C but below 1000°C the 1000°C treatment gives 
the lower rate, but above 1000°C the 1000°C treatment gives a much 
faster rate of oxidation. This illustrates the general point that 
above the processing temperature the rate of oxidation tends to show 
a marked increase. This would suggest that the phenomenon of continued 
aluminium diffusion previously discussed becomes an important factor 
at these elevated temperatures of exposure.
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A. 2. 5 MBTALLOORAPHIG RESULTS
Figs, 45 to 47 are photomicrographs typical of the structures 
obtained after the chromised specimens (1080°C for 8 hours) had 
been oxidised and they illustrate that only very minor surface 
deterioration had occurredduring high temperature service, oxides 
and cavities penetrating to a depth of approximately 0.001 to 
0.0015 in. The scale formed was generally of the order of 0.002 in 
thick after exposure at 800°C to 0.004 in after exposure at 1050°C 
and at the higher temperatures of testing some further precipitation 
was observed to have occurred within the originally chromised layers.
Air-oxidation of the specimens chromised for 24 hours produced very 
little change of structure or surface deterioration at the 
relatively low test temperatures up to 900°G (Fig. 48) but after 
exposure at 1100°G some intergranular oxidation was observed 
penetrating to a depth of 0.004 in maximum (Fig, 49) •
Figs, 50 to 56 are photomicrographs representative of the surface 
structures obtained after the aluminised specimens had been 
subjected to air-oxidation in the thermal balance. These photo­
micrographs clearly illustrate that, although the weight gain 
attributable to oxidation obtained on testing the chromised 
specimens indicated a considerably greater oxidation rate than was 
obtained with the aluminised specimens, the sub-coating deterioration 
is far more severe in the case of the aluminised specimens. Whereas 
the examination of the chromised specimens revealed large amounts of 
chromium rich oxide scale the aluminised specimens exhibited only 
very thin and’metallographically undetectable oxide films thus 
giving rise to only the very small increases in weight detected on 
the thermal balance.
K-
n Specimen 43 x 350 imetched.
Nimonic 90 chromised at 1080°0 for 8 hours.
Air-oxidised at 1000°C for 288 hours.
-FIG. 46 Specimen 43 x 300 etched.
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FIG* 47 Specimen .39 x 4.00 unetched.
Nimonic 90 chromised at 10S0°G for 8 hours.
Air-oxidised at 1050°C for 289 hours.
FIG. 48 Specimen 36 x 250 unetched.
Nimonic 90 chromised at 1080°C for 24 hours
Air-oxidised at 900°G for 73 hours.
v'
FIG. 49 Specimen 35 x 250 etched.
Nimonic 90 chromised at 1080 G for 24 hours
Air-oxidised at 1100°0 for 239 hours.
133:
Metallographic examination of aluminised specimens subjected to air- 
oxidation at test temperatures up to 950°G (Figs. 50 and 5l) 
indicated the formation of the white Ni^Al phase within the 
aluminised layer but more especially at the coating/substrate 
boundary. The developing black area in these photomicrographs 
between the coating and the substrate is a prelude to the spalling 
failure of the coating.
Examination of the coating/substrate interface at higher magnifications 
(Figs. 52 and 53) revealed th6 somewhat columnar nature of the Ni^Al
phase.
Figs. 54 to 56 represent typical structures observed after the 
aluminised specimens had been tested at 1050°C. Cracks in the coating 
are clearly visible and it is suggested that these might be formed due 
to the thermal-expansion stresses induced at the high temperature of 
exposure or the cracks and dark areas may be the result of preferential 
oxidation of the Ni^Al phase (originally white) within the coating and 
at the coating/substrate boundary ^consistent with the explanation of 
this type of phenomenon given by Llewelyn^^ . This deterioration was 
observed in all the specimens examined and in most cases it led to 
complete coating breakdown due to a spalling failure.
FIG. 50 Specimen 18 x 100 unetched.
Nimonic 90 aluminised at 850°C for 4 hours
Air-oxidised at 950°C for 220 hours.
fkgppsffti p* m
Specimen 30 x 250 etched.
Nimonic 90 aluminised at 1000°C for 4 hours.
Air-oxidised at 950 C for 261 hours.
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FIG. 52 Specimen 65 x 4-00 etched.
Nimonic 90 aluminised at 850 G for 4- hours.
Air-oxidised at 950°C for 220 hours.
> -F:
FIG...53 Specimen 65 x 1300 unetched.
FIG. 54 Specimen 17 x 100 unetched.
Nimonic 90 aluminised at 850°C for 4 hours. 
Air-oxidised at 1050°C for 220 hours.
FIG. 55 Specimen 26 x 150 etched.
Nimonic 90 aluminised at 1000 G for 4- hours. 
Air-oxidised at 1050°C for 265 hours.
o
FIG. 56 Specimen 25 x 100 etched.
Nimonic 90 aluminised at 1000°C for 4. hours. 
Air-oxidised at 1050 C for 287 hours.
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A. 3. SPRAYED COATINGS 
A. 3. 1
In order to obtain data on the adhesion characteristics of the 
various flame sprayed coatings envisaged, numerous sheet Nimonic 90 
specimens were cut to a size suitable for the bend test previously 
described in Section 3. 7. The specimens were degreased, grit 
blasted and flame sprayed using the process outlined in Section 3. 5.
Various techniques were employed and in order to facilitate adhesion 
all the specimens were degreased and grit blasted before each of the 
separate operations described. The coating processes employed were 
as follows".
(a) Grit blast, alumina spray.
(b) Aluminise, grit blast, alumina spray.
(c) Ghromise, grit blast, alumina spray.
(d) Aluminise, grit blast, molybdenum spray, grit blast, 
alumina spray.
(e) Ghromise, grit blast, molybdenum spray, grit blast, 
alumina spray.
(f) Aluminise, grit blast, nickel-chromium spray, grit 
blast, alumina spray.
(g) Ghromise, grit blast, nickel-chromium spray, grit 
blast, alumina spray.
(h) Pre-oxidise (700°C), nickel-chromium or molybdenum 
spray, grit blast, alumina spray.
Operational flow charts were constructed for each process in order to
standardise wherever possible and two typical examples of these charts,
for processes (d) and (e) are as follows?-
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Typical Flow Chart - Process Id)
24 aluminised specimen strips 
grit blast 60 secs
i
12 strips 30 secs 
i
Mo spray
; I
12 strips 60 secs 
I
Mo spray
6 strips 6 strips 
10 secs 20 secs
i «
6 strips
10 secsl. ...............................................
6 strips
20 secs . \r
grit'blast 
!
I
alumina spray 
l
6 strips 6 strips 
10 secs 20 secsi i
i
alumina spray
I
i 1
5 secs 10 secs 
I 1
1 1
15 secs 20 secs 
i I
I ' I I 
5 secs 10 secs 15 secs 20 secs 
L  . __J-------- ,-------- 1------------------1
j
TEST
(1) Air-oxida.tion, specimens sprayed both sides.
(2) Room temperature adhesion, specimens sprayed one side.
Typical Flow Chart - Process (e)
2/. chromised specimen strips
i
grit blast 60 secs
i . . .
i . '
12 strips Mo spray 10 secs 12 strips Ni/Jr spray 10 secs
I i
6 strips grit blast
I .................................. ,
1
6 strips grit blast 
1
3 for 10 secs 3 for 30 secs
I . . . .  I
3 for 10 secs 
I , . .  ...........
3 for 20’secs 
I
17alumina spray
1 4 0
After a considerable number of test pieces had been prepared and 
tested following flow charts similar to those illustrated, involving 
other variations in times and intermediate processes, it became 
clear that grit blasting was a mandatory pre-requisite to the initial 
spraying of the base material and that a grit blasting time of 60 
seconds gave the optimum initial surface. Grit blasting of the 
intermediate coatings, even for short periods of time, removed most 
of the molybdenum or nickel-chromium alloy that had been applied; 
thus this sequence of operations was rejected as unsuitable. The 
optimum time for spraying the intermediate coatings and the final 
alumina coating was found to be 10 seconds giving coating thicknesses 
of approximately 0.002 to 0.003 in molybdenum or nickel-chromium and
0.004 to 0.006 in alumina. A 5 seconds spray at a distance of 6 in 
left some areas uncoated whilst a 15 seconds spray led to the 
formation of an uneven film. For example, Fig.. 57 shows the thickness 
of alumina obtained on an aluminised specimen after a 10 seconds spray.
In some instances lack of adhesion became immediately apparent and 
Table XXIV gives a general indication of the adhesion obtained with 
the various coating procedures. Figs. 53 to 63 illustrate some 
typical bend test results.
1 4 1
FIG. 57 Specimen 51 x 150 etched.
Nimenic 90 aluminised at 1000°G fer 4 hours. 
Flame sprayed with alumina fer 10 seconds.
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TABLE XXIV
BEND TEST RESULTS FOR FLAME SPRAYED COATINGS
Treatment
Bend
Obtained Remarks
1 Preoxidation 700°G 4 hours/ 
Grit Blast/Al203 Spray 
10 Secs.
-i..........  ......
O -80 Lack of adhesion 
immediately apparent. 
One specimen gave 8° 
bend.
2 Preoxidation 700°C 4 hours/ 
Grit Blast/ Mo Spray/AJ^Oo 
Spray 10 Secs.
0 1 0 Lack of adhesion 
immediately apparent.
3 Grit Blast/Preoxidation 700°G 
4 hours/Grit Blast/Mo Spray/ 
AI2O3 Spray 10 Secs.
0 - 34° Many failures. One 
specimen gave 34° bend.
4 Chromise 10S0°G 8 hours/Grit 
Blast/A^O^ Spray 10 Secs.
15 - 21° Consistent fair 
adherence.
5 Chromise 1080°C 8 hours/Grit 
Blast/A^O^ Spray 15 Secs.
5 - 11° Consistent fair 
adherence.
*6 Chromise 1080°G 8 hours/Grit 
Blast/ AI2O3 Spray 20 Secs.
~l ..
5 - 12° Consistent fair 
adherence.
7 Chromised 1080°G 8 hours/Grit 
Blast/fylo Spray/Al203 Spray 
10 Secs.
12 - 30° Consistent fair 
adherence.-
8 Chromised 1080°C 8 hours/Grit 
Blast/Ni Cr Spray/Al^Oo Spray 
10 Secs.
29 - 45° Consistent. Relatively 
good adhesion generally
9 Aluminised 850°C 4 hours/Grit 
Blast/A^O^ Spray 10 Secs,
O1O Lack of adhesion 
immediately apparent.
10 Aluminised 850°C 4 hours/Grit 
Blast/Ni/Cr Spray/A^Oo Spray 
10 Secs.
OI0 Lack of adhesion 
immediately apparent.
11 Aluminised 850°G 4 hours/Grit 
Blast/Mo Spray/AloOo Spray 
10 Secs.
0 - 45° Erratic. Only one batch 
of test pieces gave a 
good bend value in the 
range 30 - 45°.
Of the specimens tested only those -which had been chromised and 
grit blasted or chromised, grit blasted and then given an inter­
mediate coating of molybdenum or nickel-chromium alloy (treatments 
4 to 8 inclusive - Table XXIV) consistently showed any significant 
adherence when tested at room temperature after the final alumina 
sprayed coating had been applied. A typical result is illustrated 
by Figs. 58 and 59.
Without the intermediate coating the adhesion results for the 
surface diffusion treated specimens were not so consistently good.
Some typical results are illustrated in Figs. 60 and 6l.
The specimens which had been given a pre-oxidation treatment 
(process h) gave poor adhesion results generally, (Figs, 62 and 63) 
as did the specimens coated with alumina alone (process a) thus 
further work using these processes was discontinued.
Selected specimens treated on both sides using processes b to g 
inclusive were subjected to air-oxidation tests within the 
temperature range 800° to 1050OG for times up to 48 hours. Most of 
the specimens tested showed a reasonable degree of adherence with 
only a small amount of exfoliation occurring during the tests. However, 
all the specimens prepared using process (e), chromised at 1080°C 
for 8 hours followed by a sprayed molybdenum undercoat and alumina, 
gave catastrophic failures. A typical example is illustrated in 
Fig. 64 which shows the very large volume of green oxide produced 
and the complete exfoliation of the alumina coating which occurred on 
prolonged testing. At the conclusion of these tests the exposed 
base metal was found to be magnetic suggesting a connection with the 
"green rot" phenomenon of corrosion associated with nickel-chromium 
alloys. The use of a molybdenum underlay on chromised specimens was 
therefore discontinued.
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FIG. 58 Bend test result.
Chromised Nimonic 90 with molybdenum and alumina 
sprayed coatings (process e).
FIG. 59 As above plan view.
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FIG. 60 Bend test result.
Chromised Nimonic 90 with alumina sprayed coating (process c).
FIG. 61 As above plan view.
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FIG. 62 Bend test result.
Nimonic 90, pre-oxidised at 700 G with alumina 
sprayed coating (process h).
FIG. 63 As above plan view included.
1 4 7
FIG. 6A Chromised Nimonic 90, flame sprayed with 
molybdenum and alumina.
Air-oxidised at 800°C for 115 hours.
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4. 3. 2
Round bar specimens were prepared for air-oxidation tests on the 
thermal balance, using those processes which had indicated a 
reasonable adherence when tested at room temperature employing 
simple sheet test pieces, viz. processes (c) - chromise, grit blast, 
alumina spray, (d) aluminise, grit blast, molybdenum and alumina 
spray, (f) aluminise, grit blast, nickel-chromium and alumina spray 
and (g) chromise, grit blast, nickel-chromium and alumina spray.
The aluminised specimens coated using processes (d) and (f) showed 
signs of severe spalling at test temperatures as low as 800°G after
exposure times up to 220 hours. The spalling was progressively more
rapid and of increasing severity as the testing temperature was 
increased. Figs. 65 to 67 illustrate the appearance of typical 
specimens at the completion of the tests.
Metallographic examination of selected specimens from these tests 
vms) made before the spalling became too severe and Fig. 68 
indicates the structure of a typical specimen which had been air- 
oxidised for 10 hours at 1050°C after the aluminising treatment
followed by flame spraying with alumina. The photomicrograph, taken
from an area in which the coating was still intact, clearly illustrates 
that failure was initiated at the aluminised coating/substrate inter­
face, The coating failure is identical to that discussed in Section 
4. 2. 5. and was observed on all the specimens examined.
The chromised specimens coated with alumina only were found to be 
resistant to the spalling tendency up to exposure times of 100 hours 
at test temperatures of 1000°C, but observation of the specimens in 
the furnace tube revealed that the spalling failure did occur after 
longer exposure times. Figs. 69 to 71 illustrate the appearance of

1 5 0
FIG. 68 Specimen 72 x 150 unetched.
Niraonic 90 alurainised at 1000°C for U hours, 
flame sprayed with alumina.
Air-oxidised at 1050°C for 10 hours.
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typical specimens after air-oxidation at 10Q0°C.
The effect of the loss of the alumina coating was to produce an 
acceleration in the oxidation rate vhich up to the point of coating 
failure shoved a parabolic tendency. (Fig. 72) (Appendix II - 
Table DI) .
Metallographic examination of selected specimens from this section 
of the investigation shoved that after the air-oxidation tests vere 
completed, the alumina coating had been removed and that th6 original 
chromised layer vas observed to have become very acicular in nature. 
The type of structure obtained is illustrated in Fig. 73.
Hovever the chromised specimens vhich had been given a nickel- 
chromium intermediate coating prior to the alumina coating (process 
g), gave an approximately parabolic or even logarithmic veight gain/ 
time relationship vhen air-oxidation tested in the temperature range 
800° to 1050°C for exposure times up to 300 hours. This oxidation 
behaviour, illustrated in Fig. 74 indicates that an extremely good 
protection is afforded to the base material by the coatings employed, 
(Appendix II - Tables DII to DVT) .
At the conclusion of these tests some of the specimens exhibited 
small cracks in the outer coating (a typical example is illustrated 
in Fig. 75) but in no cases did the coating fail by spalling as 
occured vith the other coating processes investigated.
Selected specimens from this series of tests vere prepared for 
metallographic examination and Fig. 76 illustrates the microstructure 
of a typical specimen coated by the process described above vhich 
vas subsequently subjected to airfoxidation at 1000°C for 286 hours 
on the thermal balance. The photomicrograph clearly indicates the
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formation of a mechanical kGy between the alumina and the flame 
sprayed nickel-chromium intermediate layer, and illustrates that 
no deterioration of the substrate has occurred during the exposure 
to elevated temperature.
1 5 3
FIGS» 69 to 71 Niraonic 90 test pieces, chromised at 1080°C
for 8 hours, flame sprayed with alumina. 
Air-oxidised at 1000°G for 124- hours.
. 1 5 4
1000 c
eo Uncoated 1050 G
t>o
e
£•H
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tuO
Uncoated 950
100
Exposure tine hrs.
FIG. 72 Air-oxidation tests.
Nimonic 90 chromised (8hrs), ^-^3 ^ ame sprayed.
FIG. 73 Specimen 52 x 150 etched.
Nimonic 90 chromised at 1080°C for 8 hours, 
sprayed with alumina.
Air-Oxidised at 1000°G for 287 hours.
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FIG. 7 A Air-oxidation tests.
Niraonic 90 chromised (8hrs), flame sprayed with Ni-Cr alloy 
and Al^O^.
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FIG. 75 Nimonic 90 chromised at 1080°C for 8 hours,
sprayed with nickel-chromium alloy and alumina.
Air-oxidised at 900°C for 24.0 hours.
■Mount
FIG. 76 Specimen 89 x 150 unetched.
Nimonic 90 chromised at 1080 C for 8 hours, 
sprayed with nickel-chromium alloy and alumina.
Air-oxidised at 1000°G for 286 hours.
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4. A, GENERAL
A comparison has been made of the oxidation rates obtained at 
temperatures between 800° and 1100°C for all the surface treatment 
processes employed during the investigation and the results are 
illustrated in Table XX7. The oxidation rate has once again been 
calculated assuming an approximately parabolic relationship between 
weight gain and exposure time.
TABLE XXV
A COMPARISON OF THE OXIDATION HATES OF THE COATINGS EMPLOYED
Exposure
Temp.
°G
i
Process
Exposure
Time
Hrs.
■Weight 
Gain 
mg/cm^.
Oxidation Rate
2 I 
mg cm” hr~^(Kp)
800 Aluminised 1000°G 279 0.3 0.0003
AI2O0 Spray 209 0.41 0.0008
Chromised 1080°G 282 0.5 0.0009
Ghromised Ni/ Gr + 211 0.7 0.0023
850 Aluminised 850° G 261 0.07 0.00002
Chromised 1080QC 286 1.2 0.005
900 Aluminised 1000°G 26l 0.46 0.0008
Chromised 1080°C (2A hrs) 73 0.44 0.0027
Chromised 1080°G (8 hrs) 335 2.0 0.012
Ghromised Ni/Gr + AI2O3 240 1.9 0.015
950 Aluminised 85O0C 220 1.0 0.0045
Ghromised Ni/Gr + AI2O3 216 1.3 0.0078
Uncoated 120 1.7 0.024
Chromised 1080oG 262 3.5 0.047
1000 Aluminised 1000°C 274 0.6 0.0013
Chromised Ni/Gr + AI2O3 286 1.5 0.0079
Chromised 1080°G 288 4.8 0.080
Ghromised 1080°C + AI2O3 287 6.4 0.14
1050 Aluminised 850°G 220 1.1 0.0055
Ghromised Ni/Cr * AI0O3 196 1.6 0.013
Aluminised 1000°G 287 3.1 0.033
Uncoated 120 3.7 0.11
Ghromised 1080°G 289 6.6 0.15
1100 Chromised IO8O0G (24 hrs) 239 4.1 0.070
Aluminised 1000oC 117 4.7 0.19
Chromised 1080°C (8 hrs) 118 5.2 0.23
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This comparison, clearly illustrates the superiority of the aluminised 
coating in its protective value against air-oxidation 'when measured 
by gravimetric techniques. The aluminised coatings consistently 
show a lower oxidation rate than the other coatings investigated at 
all the test temperatures employed except at 1100°G when the specimen 
chromised for 24 hours at 1080°C gave a reduced oxidation rate. At
1100°C both the chromised material (8 hour treatment) and the
aluminised material gave an oxidation rate in excess of that 
obtained for the uncoated Nimonic 90 specimens at 1050OC.
The figures also indicate that at the higher temperatures of testing
i.e. 950° to 1050°C, the triple coating obtained by spraying an 
intermediate layer of nickel-chromium aHoy followed by alumina 
onto the chromised specimens gave a lower oxidation rate than the 
specimens which were chromised alone, but the simple chromised 
specimen gave a lower oxidation rate than the triple coated specimens 
when tested under the less severe conditions obtaining at exposure 
temperatures of 800° to 900°G. However the evidence obtained from 
metallographic examination clearly illustrates that an improved 
protection is afforded by the triple coating process.
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4, 5. ACTIVATION ENERGY QF OXIDATION
Some consideration has been given to the activation energy of 
oxidation for the chromised and aluminised coatings, details of 
vhich are included in Appendix I.
It vas found that the activation energy of oxidation for uncoated 
Nimonic 90 vas 47,000 cal/g mol, vhereas vhen it vas chromised this 
increased to 64,500 cal/g mol at temperatures belov 950°C, a value 
vhich agrees very closely vith that recorded by Kubaschevski and 
Hopkins(4). Hovever the activation energy decreased to 35,500 
cal/g mol at temperatures above 950°G. It is suggested that at 
temperatures in excess of 950°G the chromium in the chromised layer 
diffuses into the matrix at a rapid rate^^ and thus the coating 
vould become depleted in chromium. It is knovn that nickel-chromium 
alloys oxidise less rapidly than pure chromium thus the rate of 
oxidation voul^.uiot increase as rapidly as expected vith temperature 
rise due to the compositional change, leading to a lover value for 
the activation energy.
For the aluminised coatings the opposite tendency vas noted, values 
of 19,300 cal/g mol belov 1000°C and 184,000 cal/g mol above 1000°G 
being obtained. This phenomenon may be attributed to the fact that 
continued diffusion of aluminium into the matrix at temperatures 
above the processing temperature reduces the protective value of 
the coatingj also aluminium nrediffusion” vould cause a rise in the 
rate of Ni-^ Al formation leading to the increased oxidation rate 
suggested by the large increase in the activation energy.
No calculation of the activation energy of oxidation for the triple 
coated material i.e. chromised Nimonic 90 vith a nickel-chromium
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and AI2O3 sprayed coating was possible due to the irregularity
of the results which may be attributed to the coating characteristics•
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4. 6. SURFACE TEXTURE
Since the surface roughness of the specimens employed during the 
investigation appeared to have a marked effect on the adhesion of 
subsequent coatings, surface texture measurements were made using 
the Taylor-Robson Talysurf. The results obtained are illustrated 
in Figs. 77 and 78 and tabulated in Table XXVI. The result for 
ground Nimonic 90 is included for comparative purposes.
TABLE XXVI 
SURFACE ROUGHNESS
Specimen Surface Roughness
Nimonic 90 micro-inches
Ground 15
Ground and grit blasted 100
Ghromised 180
Ghromised and grit blasted 140
Aluminised 34
Aluminised and grit blasted 100
Molybdenum sprayed N.D. *
Nickel-chromium sprayed N.D. *
Grit blasted and AlgO-j sprayed 60
x N.D. Not determinable, a very rough surface apparent.
As grit blasting is essential before flame spraying, it is clear 
that the chromised and grit blasted substrate offers the best 
conditions for the formation of a mechanical bond.
It is of interest to note that the final A^O^ sprayed coating has 
a relatively smooth surface texture which would be improved by 
fine grinding operations for close tolerance engineering applications.
.163
MADE IN ENGLAND
CUROMISSD
x 2000 
x 100
1 30 ji in 
;50 in
MADE IN ENGLAN
ALUMINISED
x 5000 
x 100
jL
34 f  in
20 p. in
I TAYLOR-HOBSON
ALUMINA 3PHAT
x 2000 
x 100
^ 60 p  in
r >0 p  in
FIG. 77 Surface texture measurements*
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4. 7. ELE CTRON- PR QBE MICRO ANALYSIS
In order to investigate further the surface phenomena observed 
during the tests carried out, typical specimens were prepared for 
electron probe analysis using the process outlined in Section 3. 8. 
The specimens selected for analysis were number 7 - aluminised at 
850°C for 4 hours (Fig. 20), number 18 - aluminised at 850°C for 
4 hours and air-oxidised at 950°0 for 220 hours in the thermal 
balance (Fig. 50), number 51 - aluminised at 1000°G for 4 hours 
and sprayed with A l ^  for 10 seconds (Fig, 57) and number 52 - 
chromised at 1080°C for 8 hours, sprayed with AL^O^ for 10 seconds 
and air-oxidised at 1000°G for 287 hours in the thermal balance 
(Fig. 73) • The results of the analyses are illustrated in Figs. 79 
to 82.
The section AB on the aluminium trace for specimen 7 (Fig. 79) 
clearly indicates the presence of the aluminised coating and the 
peak I occurring in the iron and chromium traces at the aluminised 
coating/substrate boundary is consistent with the formation of a 
carbide rich layer in this area. This peak is again evident in the 
other aluminised specimens tested, viz. numbers 18 and 51 (Figs. 80 
and 81). The aluminised coating (AB) is also clearly revealed by 
the analyses recorded for these specimens and the aluminium trace 
for specimen 51 (Fig. 81) also indicates the presence of the flame 
sprayed AI2O3 coating (GD),
The aluminium trace recorded for specimen 18 (Fig. 80) which after 
aluminising had been subjected to air-oxidation shows a peak X at 
the coating/substrate boundary area. This would tend to confirm that 
the light phase3detected metallographically in this zone and 
discussed earlier in Section 4. 2. 5, was N:LA1 formed by aluminium
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R O M
N ickel
Chromium
Cobalt
FIG. 79 Electros probe analysis results.
Specimen 7 aluminised at 850°C for 4. hours.
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FIG. 80
C h r o m i u m .
N i c k e l
C o b a l t
Electron probe analysis results. 
Specimen 18 aluminised at 8.50° 0 for A 
Air - oxidised at 950°G for 220 hours
hours•
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FIG* 81 Electron probe analysis results.
Specimen 51 aluminised at 1000GC for 4 hours. 
Alumina flame sprayed.
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diffusing out at the surface to be lost by oxidation and also 
diffusing inwards to extend the coating by a reaction of the type: 
NiAl ---- => Ni3Al + A1
Th6 traces obtained for specimen 52 (Fig. 82) show a decrease in 
chromium,cobalt and nickel content as the specimen surface is 
approached. The chromium analysis would suggest the formation of 
a chromium rich oxide layer at the surface leading to impoverishment 
in chromium just beneath the surface. The peak observed in the 
aluminium trace suggests that A l ^  is present near the surface.
It is possible that some flam6 sprayed AI2O3 has remained in 
contact with the specimen after the exposure to air-oxidation or 
alternatively the A^O-^ may have formed due to aluminium diffusion 
from the base material outwards to be oxidised at the surface. If 
this is the operative mechanism it is suggested that the diffusion 
rate of aluminium at 1000°C is sufficiently rapid to prevent 
impoverishment in aluminium just below the surface since the 
analysis does not reveal a reduced aluminium content in this zone.
If the aluminium peak represents the remnants of the original 
sprayed AJL2O3 coating it is clear that the chromium has diffused 
outwards through this zone to form a chromium rich scale at the 
outer surface.
There are three distinct surface regions shown in Fig. 73 which can 
be correlated with the electron probe trace.
Region A is characterised by peaks in the aluminium and chromium 
traces indicating the presence of oxides.
Region B shows violent, corresponding fluctuations in the nickel 
and cobalt traces and a slight reduction in the chromium content
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presumably due to an increase in interstitials (oxides, nitrides, 
etc) in this zone.
Region C is marked by a slight reduction in the aluminium, chromium 
cobalt and nickel contents with some fluctuations which would suggest 
that the needle-like structure does not reflect major compositional 
changes. It is possible that the metallographic structure observed 
is induced by nitride formation.
Section through FIG. 73 (specimen 52 x 150).
N ickel
C o b a l t
Chromium
FIG. 82 Electron probe analysis results.
Specimen 52 chromised at 1080 C for 8 hours and 
alumina flame sprayed.
Air-oxidised at 1000°C for 287 hours!
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5. DISCUSSION
5, 1 Oxidation of Nimonic 90
The results of the air-oxidation tests carried out during the 
investigation have shown that the oxidation rate of Nimonic 90 is 
parabolic in nature in the temperature range 300° to 1100°G and 
the chromium rich oxide layer formed during elevated temperature 
exposure was found to be stable and strongly adherent. From 
these observations it is clear that Nimonic 90 possesses an 
extremely valuable resistance to oxidation and that its oxidation 
characteristics are superior to many other alloys of industrial 
importance.
However it has been shown that the scale produced does not 
provide a complete barrier to further oxidation and consideration 
of the results obtained .lead to the suggestion that prolonged 
e^osure at elevated temperature, i.e. with exposure times 
considerably in excess of 100 hours, would result in gradual 
deterioration of the alloy. Thus although the results of the 
gravimetric air-oxidation tests indicated that the Nimonic alloy 
has a very high natural resistance to high temperature oxidation, 
evidence obtained by metallographic examination indicates that a 
considerable amount of intergranular oxidation occurs beneath 
the oxide layer. This evidence suggests that prolonged exposure 
to oxygen containing high temperature environments would lead to 
a marked lowering of the basic mechanical properties .of the alloy, 
notably its high temperature fatigue resistance since the inter­
granular deterioration must inevitably lead to the formation of 
intense stress raising areas at the surface. It is also clear, 
from the metallographic evidence obtained, that the oxidation 
mechanism leads to impoverishment of the surface of the alloy in
alloying elements which would also lead to detrimental effects 
the mechanical properties. The use of an effective barrier to 
damage attributable to oxidation is therefore considered to be 
highly desirable in such materials.
5. 2 THE EFFECTIVENESS OF DIFFUSION GOATINGS 
The use of chromium and aluminium diffusion coatings has been 
shown to make a general improvement in the air-oxidation 
resistance of the Nimonic alloy investigated, and it has been 
demonstrated that Nimonic 90 responds easily to both treatments. 
Neither coating used singly produced a really effective and 
complete barrier to deterioration attributable to oxidation 
although the coatings obtained during the investigation were shown 
to be strongly adherent and substantially non-porous. In both 
instances the diffusion mechanism by which the protective coatings 
were produced continued when the treated specimens were subjected 
to elevated temperature exposure leading to complete breakdown of 
the aluminised coating and a weakening in the protective value of 
the chromised coating.
5. 2. 1 Chromised Coatings
Investigation of the chromium diffused coatings has shown that 
this continued inward diffusion effect led to a reduced 
concentration of chromium at the specimen surface and thus a 
gradual deterioration in the surface material occured with time at 
temperature. From the results obtained using electron probe 
analysis and from metallographic evidence, it is clear that the 
chromised coating produced on Nimonic 90 is not stabilised by the 
formation of a barrier layer at the coating/substrate boundary as 
occurs, for example, with chromised high carbon steels when a 
carbide rich layer forms at this boundary area and acts as an 
effective barrier to continued diffusion of the chromium into the 
m a t r i x . Hence the loss of chromium outwards to form a scale 
and chromium "rediffusion” inwards has been shown to lead eventually 
to a rate of oxidation greater than that of the uncoated material.
It has been reported that the rate of oxidation of chromium is 
considerably higher than that of Nichrome^ and thus it is 
suggested that as the concentration of chromium in the surface 
zone of the chromised specimens is significantly greater than that 
in the uncoated material more chromium rich oxide will form giving 
rise to the greater rate of weight gain observed.
The air-oxidation test results obtained for the chromised specimens 
have shown that their oxidation resistance is good up to 
temperatures of the order of 900°G and in this temperature rang6 
the scale produced was found to be strongly adherent, also the 
weight increase/time relationship was shown to be of a parabolic 
type indicative of high heat-resisting characteristics. However, 
above 900°G the scale produced during air-oxidation was observed to 
be less strongly adherent indicating that chromium depletion was 
occurring at the surface leading to the assumption that at longer 
periods of exposure the surface chromium concentration would become 
too low for adequate high temperature oxidation resistance. This 
effect was clearly illustrated by the increasing slopes obtained 
for the weight gaiVtime relationships determined at test 
temperatures above 900°C. In the temperature range 900°G to 1050°C 
the parabolic pattern was only evident for relatively short periods 
of time and thereafter the oxidation rates determined were 
appreciably greater than those obtained for the uncoated material, 
which is indicative that the phenomenon of continued chromium 
..diffusion occurs to an appreciable extent above exposure temperatures 
of approximately 950OG.
However although the oxidation rate for the chromised material 
determined by gravimetric techniques has been shown to be high when 
compared with the uncoated and aluminised material, the surface
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deterioration attributable to oxidation is relatively small in 
comparison with the severe intergranular oxidation observed when 
the uncoated material was metallographically examined after 
exposure to elevated temperatures. The use of the chromium 
diffused coating has been shown to alter the oxidation 
characteristics of the alloy considerably and the deterioration in 
the surface is shown by relatively minor penetration of oxides and 
cavities with only very occasional intergranular oxidation, the 
surface oxide produced being more protective than the scale 
normally produced on the uncoated material.
Experimental data obtained during the investigation has illustrated 
that when a long term chromium diffusion treatment (24 hours at the 
processing temperature) was employed the weight gain attributable 
to oxidation at 1100°C was markedly reduced although the oxidation 
rate illustrated by the slope of the weight gain/time relationship 
was similar to that obtained for the specimen chromised for 8 hours 
and exposed at a temperature of 1050°G.
Metallographic evidence suggests that the deeper and richer chromium 
diffusion zone produced by the long term treatment leads to a 
reduction in the amount of surface deterioration after exposure to 
air oxidation since very little intergranular oxidation was detected 
with these samples. This indicates that the longer time of treat­
ment would improve the high temperature properties of Nimonic 90 to 
a greater extent than if the shorter processing time were employed.
Thus the evidence obtained would suggest that in comparison with the 
uncoated material the use of a chromium diffused protective coating 
should improve considerably the elevated temperature mechanical 
properties of Nimonic 90 since (a) intergranular deterioration is 
reduced and (b) loss of important alloying elements by their outward
177
diffusion is retarded.
5. 2. 2 Aiuminised Coatings
Metallographic examination of the aiuminised specimens clearly
revealed that the aluminium rich coating occurred as a distinct
zone with a clearly defined coating/substrate boundary, and it is
therefore suggested that the inward diffusion of the aluminium is
arrested due to the formation of a barrier layer. This layer could
possibly be composed of nitrides or other interstitials but 
(65)
Llewelyn suggests that the layer is composed of carbides
rejected from the supersaturated matrix and that it is associated
with the band of low aluminium content Ni^Al which marks the limit
of the diffusion zone. It is clear that this layer would have some
influence on the inward diffusion of aluminium at elevated temperatures
similar to the effect of the carbide layer detected by Samuel and 
f 61)
Lockington in chromised high carbon steel which reduced the inward 
diffusion of chromium.
The aiuminised specimens, in contrast to those which were chromised,
have shown an extremely low rate of oxidation in the temperature range
considered. The coating obtained, consisting primarily of the high
melting point (above 1550°G) nickel rich constituent NiAl, has been
shown to produce a very strongly adherent, aluminium rich oxide film
on its surface during exposure to an oxidising atmosphere giving higher
oxidation resistant characteristics than the chromium rich oxide film
obtained on the chromised specimens. The method of protection relies
on the formation of a stable, non-porous oxide layer presumably
containing AI2O3 and the spinel NiO, A l ^  which forms at a slower rate
(106)
than the chromium spinel .
The fact that the continued inward diffusion phenomenon is also a
characteristic of the aluminising process is clearly revealed by 
the results obtained using aluminium treated specimens during the 
investigation. It has been shown that the weight gain in air is very 
small at exposure temperatures up to 1000°C but only small increases 
in temperature above 1000°C give rise to relatively large increases 
in oxidation rate. However considerations of air-oxidation behaviour 
determined by gravimetric techniques alone would lead to the 
conclusion that an extremely effective heat-resistant barrier is 
produced by the aluminium diffusion treatment, the oxidation rate 
being far superior to that of the chromised material and of the 
uncoated alloy at all the exposure temperatures investigated up to 
1050°C.
From a consideration of the metallographic evidence obtained it is 
clear that although the weight increase observed employing the 
chromised specimens indicates a considerably greater oxidation rate 
than with the aiuminised specimens due to the rapid formation of 
chromium rich oxide scale, the surface deterioration observed was 
far less severe after the chromised specimens W6re exposed to air 
oxidation than in the case of the aiuminised material. The rapid 
increase in oxidation rate recorded for the aluminium treated 
material when exposure temperatures of 950°C were exceeded was 
clearly connected with the fact that incipient coating failure was 
just detectable at temperatures in the order of 950°G and complete 
coating failure was imminent at exposure temperatures of the order of 
1050OC.
5. 2. 3 Mode of Failure of Aiuminised Coatings
It has been shown that the aiuminised coating failure is due to the 
preferential oxidation of the Ni^Al phase present in the aluminium 
diffused zone since the oxidation resistance of the Ni^Al compound
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is considerably lower than that of the NULL phase. Consideration 
of the aluminium/nickel constitutional diagram (Fig. 4) indicates 
that the outer zone of the diffusion coating might contain the 
aluminium rich (36 weight % aluminium) Ni^Al^ phase but the main 
coating constituent expected is the high melting point NiAl phase 
occuring over the range 23.5 to 36 weight % aluminium. The lower 
aluminium containing compound Ni^Al (13 weight % aluminium) is 
present at the coating/substrate boundary but it has also been 
observed to a lesser extent in isolated areas within the major 
NiAl phase.
At elevated exposure temperatures, especially those at or above the 
initial processing temperature, there will be a gradual lowering of 
the aluminium content of the coating with time due to continuous 
aluminium diffusion. This is illustrated diagramatically in Fig. 83.
% A1 Ni^Al removal
Al rich NiAl 
 »  Ni rich NiAl
Time
FIG. 83 Suggested changes in aiuminised coating constitution 
with time at temperature.
The initial period represents the elimination of the aluminium 
concentration gradient within the coating resulting in the resolution 
of the Ni^l^ phase. The aluminium content will then decrease 
steadily due to (a)- further diffusion of aluminium into the interior 
or (b) oxidation at the surface producing initially the aluminium 
rich Mill phase (36 weight % aluminium) and finally the regular 
lattice nickel rich NiAl phase (23.5 weight % aluminium).
Llewelyn^ ^  has made a study of this coating breakdown mechanism 
and has established that in the temperature range 850°C to 1000°G, 
the mechanism appears to be the outward diffusion of aluminium, 
whilst between 1000°G to 1200°C the inward diffusion of aluminium 
becomes an important factor. The loss of aluminium converts the 
NiAl to Ni^Al which does not have such good resistance to oxidation, 
so that eventually oxidation of this phase occurs and where there is 
a continuous zone of Ni^Al to the substrate, oxidation occurs aLong 
this zone which leads to spalling of the coating. This is illustrated 
diagramatically in Fig. 84.
The results obtained during this investigation confirm Llewelyn’s 
work to a large extent since a considerable increase in oxidation 
rate was obtained at exposure temperatures above 1000°C and the 
metallographic evidence confirmed the presence of a white phase, 
presumably Ni^Al, at the coating/substrate boundary and in isolated 
areas in the coating. It was noted that the blackening of this phase, 
apparently due to its preferential oxidation, eventually led to 
spalling failures identical to those described by Llewelyn. (Section 
4, Figs. 54 to 56). Also the development of the Ni^Al phase has been 
observed to occur in a columnar pattern at the coating/substrate 
boundary i.e. in a direction coincident with the suggested movement 
by diffusion of the aluminium atoms.
The increased oxidation rate observed when exposure temperatures of 
1000°G were exceeded may be due mainly to increased aluminium 
diffusion inwards i.e. due to the ’rediffusion phenomenon” referred 
to by other workers^) 9 -(72)  ^ b u t j_s no t  clear why the barrier
layer becomes ineffectual at this temperature range. It is 
suggested that the interstitials making up the layer could be taken 
back into solution in the matrix which would have a greater
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FIG. 8A Suggested breakdown of aiuminised coating (after Llewelyn ). *
( 3 )
Penetration of 
oxide via Ni^Al.
Increase in Ni^Al.
Barrier layer 
ineffective.
(2)
Ni^Al islands 
formed.
Increase in Ni0Al
j
due to Al depletion 
Carbide layer is 
effective barrier. Matrix.
1 8 2
solubility for them at this more elevated temperature*
The air-oxidation results obtained for the low temperature (850°C) 
aiuminised specimens employing the thermal balance consistently 
showed a considerably reduced oxidation rate in comparison with the 
specimens subjected to the higher temperature (lOOOOG) treatment.
It is suggested that the breakdown mechanism occurs at a slower 
rate for these specimens due to a reduced volume of Ni^Al being 
produced within the major coating matrix of NiAl at the lower 
temperature of treatment since considerably less of the Ni Al phase 
was observed metallographically in this zone. The electron probe 
analysis results indicate that the coating produced at 1000°G 
contains approximately %  less aluminium than the coating produced 
at 850°C which would substantiate this hypothesis. However the 
large increase in oxidation rate recorded when the test pieces were 
exposed to temperatures above the processing temperature illustrates 
that the phenomenon of continued aluminium diffusion is also of 
considerable importance when this particular processing technique 
is employed and that an identical failure will ultimately occur with 
time.
5. 2. 4
Thus the investigation has shown that the use of aiuminised coatings 
on Nimonic 90 will not provide an effective long term protection 
against air-oxidation at elevatled temperatures due to relatively 
rapid spalling breakdown of the coating on exposure at temperatures 
in excess of 950°C. However the investigation has illustrated that 
by diffusing chromium into the surface it is possible to alter the 
oxidation characteristics of the Nimonic alloy during prolonged 
exposure in air at temperatures from 800°C to 1100°C. It has been 
found that the extent of the zone affected by oxidation is reduced in
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the chromised specimens and there is considerably less intergranular 
oxidation under these conditions. The treated specimens exhibit 
oxide inclusions which are generally small and uniformly distributed 
throughout the surface alloy whilst oxidation of the uncoated 
material produced massive oxide inclusions, preferentially distributed 
along the grain boundaries. Clearly through the alteration of the 
type of oxidation, chromium enrichment at the surface will have a 
profound indirect influence upon the physical properties of this 
group of alloys at elevated temperatures apart from its direct influence 
upon the rate of oxidation.
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5, 3. SPRAYED COATINGS
5. 3* 1 Adhesion of Sprayed Coatings
The maintenance of good adhesive properties between a sprayed 
coating and the substrate at elevated temperatures is clearly a 
vital factor in obtaining an efficient high temperature protective 
coating and the results obtained during the investigation have 
illustrated that the adhesion of the sprayed coatings employed to 
a Nimonic 90 base is dependent to a very large extent on the 
condition of the substrate surface prior to the flame spraying 
process, When any specimen of fine ground and ultrasonically 
degreased Nimonic 90 was flame sprayed with either the ceramic 
oxide or a metallic material without any prior grit blasting 
treatment, lack of adhesion between the applied coating and the 
base metal became immediately apparent. Further, the results 
obtained have illustrated that a strong diffusion bond does not 
occur between the base material concerned i.e. Nimonic 90 either 
untreated, aiuminised, chromised or oxidised and the various coating 
materials investigated i*e. molybdenum, 80$ nickel - 20$ chromium alloy 
and alumina ceramic applied by the flame spraying process since little 
or no adhesion was obtained when the substrate was not roughened to 
give a mechanical key. However when a grit blasting process was 
employed prior to any subsequent flame spraying process the adhesion 
was considerably improved. Hence it has been shown that in the 
instances listed above the bond produced occurs largely as a result 
of the substrate surface producing a mechanical key for the coating 
material and is not due to any other mechanism which is dependent 
upon the formation of metal/metal or ceramic/metal junctions between 
the base material and the deposited coating. It may thus be 
concluded that the natural oxide layer present on the uncoated, 
aiuminised and chromised material and the induced oxide layer on the
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pre-oxidised material acts as an effective barrier to any type 
of bond associated with the production of an alloy layer. However, 
should the freshly prepared surface be contaminated by, for example, 
handling after the grit blasting treatment, unsatisfactory adhesion 
was obtained indicating that a chemically clean surface in addition 
to a mechanical lock is required. This would suggest that some form 
of bonding due to atomic forces also occurs during the process but to 
a relatively minor extent.
The results observed using a molybdenum sprayed coating are< of 
considerable interest since it is known that molybdenum will adhere 
to fine ground steel and Gauchetier^^ has illustrated that
the bond which is obtained on the smooth surface is attributable to 
the formation of an alloy diffusion layer. However this investigation 
has shown that molybdenum will not adhere to a fine ground Nimonic 90 
substrate which would indicate that no significant amount of alloying 
is produced. It is suggested that since under the flame spraying 
conditions obtaining some oxidation of the molybdenum particles will 
occur and the oxide produced will not be completely lost by 
Volatilisation, the oxide remaining would reduce any alloying tendency 
with the substrate.
It has also been shown that whilst the adhesion of alumina ceramic to 
grit blasted Nimonic 90 is improved by the surface roughening process, 
the bond obtained is still considered unsatisfactory at room or 
elevated temperature. However it has been observed that when the 
ceramic was sprayed onto an intermediate coating of either molybdenum 
or the nickel-chromium alloy a considerable improvement in room 
temperature adhesion was obtained. Since grit blasting of this 
intermediate layer was not employed, as the use of this process was 
found to cause almost complete coating removal, the bond obtained in
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this case is attributable to the fact that either a naturally rough 
surface is produced when the intermediate material is sprayed or to 
interaction of atomic forces at the base metal/ceramic boundary or 
by the infiltration of the molybdenum or nickel-chromium alloy into 
the natural pores of the alumina. Metallographs evidence obtained 
during the investigation has shown that the coating produced by 
flame spraying both molybdenum and the nickel-chromium alloy has a 
rough exterior surface and is of a relatively porous nature which 
would suggest that the formation of a mechanical key is again a major 
factor in obtaining a good bond with subsequent coatings.
In those cases where a reasonably satisfactory room temperature 
adhesion was obtained between the alumina ceramic and the uncoated, 
grit blasted Nimonic 90, exposure to 6levated temperatures caused 
complete exfoliation of the coating. These results illustrate that 
the stresses induced by the thermal-expansion mismatching of a 
ceramic with a low coefficient of expansion of approximately 
7»7 x 10 / C (20 — 1400°G) with a material such as Nimonic 90 
having a higher expansion coefficient of approximately 17 x 10~^/°G 
(20 - 900°G) are so intense that complete exfoliation ensues. The 
suggested mechanism of failure is illustrated in Fig. 85. Under 
severe thermal shock conditions, apart from the stress gradient 
through the poorly conducting oxide coating, there will be stress 
discontinuity at the oxide/metal interface which would increase the 
risk of spalling failure. This type of stress distribution has been 
examined by Graham^) and is shown schematically in Fig, 5, Section 
2. A. 10. 3,
Any natural elasticity or plasticity inherent in the coating and the 
coating/substrate bond strength produced by a mechanical key alone are 
not high enough to resist the stresses induced at elevated temperatures.
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Thus the evidence obtained from the adhesion tests performed at 
room temperature and from the observations made at the elevated 
temperatures employed during the investigation suggests that to 
obtain satisfactory adhesion between alumina and the Nimonic 90 
substrate reliance must be placed on the formation of a bond 
produced by a mechanism other than that obtained by the formation 
of a mechanical key alone. Since any thermal shock conditions 
which might be met under service conditions would produce even 
greater induced stresses than those developed during the laboratory 
conditions employed during the investigation, the use of an alumina 
flame sprayed coating on a Nimonic 90 substrate is considered 
unsuitable for high temperature applications.
Although poor adhesion results were obtained when the alumina 
ceramic was sprayed onto the aiuminised and chromised material, 
some improvement was observed when the surface of these specimens 
was mechanically roughened by the grit blasting process. It was 
noted that the improvement in room temperature adhesion properties 
was greater in the case of the chromium diffused specimens in 
comparison with those which had been aluminium treated. Since the 
bond obtained in both cases has been shown to be fundamentally 
dependent upon the formation of a mechanical key, the improved 
room temperature adhesion observed with the chromised specimens is 
clearly associated with the naturally rough surface finish produced 
by the chromium diffusion treatment in), as the surface
obtained when the aluminising process was employed was observed to
produced by the aluminium diffusion treatment would tend to be 
roughened to a lesser extent by the grit blasting process than would 
the mechanically softer coating produced by the chromising treatment.
have a much smoother texture Also the harder surface
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At elevated temperatures coating failure was observed with specimens 
cog.ted by both processes but as was noted during the room temperature 
adhesion tests, the chromised substrate gave the better adhesion 
results. The spalling failure of the alumina coating observed with 
the aluminium diffused material as the substrate was clearly 
associated with the failure of the aiuminised coating at the Ni^Al/ 
Nimonic 90 boundary attributable to the preferential oxidation of 
Ni^Al. The alumina sprayed coating being naturally porous 
(approximately 1Q& porosity) did not act as a complete barrier to the 
oxidising atmosphere and penetration at high temperature of oxidising 
gases through the pores to reach the aiuminised coating led to the 
occurrence of the failure by the mechanism previously discussed in 
Section 5. 2. Similar failures were recorded for other aiuminised 
specimens which were subsequently coated with an intermediate layer 
of molybdenum or nickel-chromium alloy prior to the application of 
the final alumina coating. Whilst the room temperature adhesion was 
generally improved by employing these intermediate coatings, the 
failure outlined above occurred with all the specimens tested on 
exposure to the oxidising environment at elevated temperatures.
Thus it is considered that the use of aiuminised coatings as a basis 
for the subsequent addition of further coatings to be applied by a 
flame spraying technique, will not give the properties required for 
high temperature protection.
However the alumina coating sprayed onto the chromised base remained 
substantially intact for longer exposure times at elevated temperatures 
than when the untreated or aiuminised substrates were employed which 
would suggest that the mechanical bond produced was stronger and that 
the induced stresses produced by the thermal expansion mismatch 
previously discussed were reduced by the intermediate area of chromium
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enrichment. The lover coefficient of expansion of the' chromium rich 
surface layer of approximately 15 x lcrfy0G (20° - 90CPC) ^1°r7') lis: ..g 
slightly closer to the coefficient of expansion of the ceramic 
(7.7 x 10“ /^°C) (20° - L400°G) than that of the uncoated Nimonic 
alloy (17 x 10“6/°G) (20° - 900°C) .
An improvement in the room temperature adhesion properties of the 
final alumina sprayed coating vas noted vhen an intermediate layer 
of molybdenum vas flame sprayed onto the chromised and mechanically 
roughened Nimonic 90 substrate. Hovever the evidence obtained 
during elevated temperature tests clearly indicated that the 
protection afforded by this process vas unsatisfactory in high 
temperature oxidising environments since complete coating breakdovn 
vas observed. The failure of the coating in this instance is 
attributable to a ,6atastrophic,f oxidation of the chromium enriched 
surface of the Nimonic alloy belov the molybdenum and ceramic layers.
A suggested mechanism for the failure is that the application of the 
molybdenum layer over the chromised film effectively prevents the 
formation at elevated temperatures in an oxidising atmosphere of the 
chromium rich scale vhich vould, under normal circumstances,, provide 
adequate protection. It is clear that the molybdenum layer vill be ' 
supplied vith an adequate quantity of oxygen through the natural 
pores in the alumina coating and hence conditions for its oxidation 
to the lov melting point (795°C) and highly volatile oxide (M0O3) 
vould be very favourable. At the molybdenuiVchromium enriched 
substrate boundary any M0O3 present vould be in a severely restricted 
volume and hence it could remain as a molten blanket as conditions 
for volatilisation vould be unfavourable. B r e n n e r h a s  reported 
that liquid MoG^ is an excellent flux vhich can dissolve and
it is therefore suggested that the failures observed could be
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associated with the fluxing action of the liquid MoO^ which would 
destroy the normally protective chromium rich oxide layer.
Alternatively the molybdenum sprayed coating may have combined 
with the oxide layer at the chromised surface during elevated 
temperature exposure and hence caused a change in its fundamental 
oxidation resisting characteristics. Thus any subsequent diffusion 
of oxidising gases through the pores in the outer coatings would, at 
the elevated temperatures employed, cause rapid and catastrophic 
oxidation of the alloy surface leading to the formation of the 
extremely large volumes of green O r ^  observed. The formation of 
these large volumes of non-adherent oxide beneath the alumina 
eventually caused the total detachment of the ceramic coating.
This observed phenomenon is similar to the ncatastrophic” oxidation 
first reported by Leslie and F o n t a n a i n  austenitic steels 
containing molybdenum which, on heating in an oxidising atmosphere, 
with severely restricted circulation, at temperatures above about 
B15°C, rapidly form a spongy scale with a characteristic ”pie-crust” 
appearance. They have attributed the phenomenon to the accumulation 
of molybdic oxide ( MoO^) vapour on the metal surface and have 
illustrated that the rate of oxidation is accelerated by a thermal 
dissociation of this ' Mo0o at temperatures above 815°C. Brenner^^ 
has shown that chromium additions to nickel alloys accelerate this 
form of attack.
Since the porosity of the outer coatings of molybdenum and alumina 
employed during this investigation would allow the formation of an 
oxidising atmosphere with a severely restricted circulation at the 
bas6 metal/coating boundary, the possibility of failure due to the 
mechanism described by Leslie and Fontana exists. From the results 
of Brenner’s work it is also clear that the chromium enriched
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substrate employed 'Would accelerate the failure since the average 
chromium content of the chromised surface (35 - k%) is within the 
range of composition which he reports as being particularly 
susceptible to rapid and ncatastrophic” oxidation.
The fact that the metal remaining after the formation of the bulky 
green oxide was found to be magnetic would suggest that the breakdown 
mechanism is also connected with the deterioration of the base metal 
attributable to the phenomenon of "green rot” which has been 
investigated by Bucknall^"^ and by Dovey^^ . These workers have 
demonstrated the importance of a stable surface oxide layer in 
reducing this form of corrosion which they attribute to simultaneous 
carburising and oxidation in the temperature range 900° - 1000°C.
Thus it is clear that whilst the room temperature adhesion of alumina 
to molybdenum is generally superior to that obtained between alumina 
and a chromised Nimonic 90 substrate, the application of a molybdenum 
intermediate coating over a chromium enriched surface is undesirable 
since in the presence of an oxidising atmosphere at elevated 
temperatures catastrophic failure will ensue after only relatively 
short periods of exposure.
The investigation has shown that the best adhesion results both at 
room temperature and at elevated temperatures were obtained using the 
chromised material flame sprayed with the nickel-chromium alloy 
followed by the alumina ceramic. The observed results suggest that 
the bonds produced between the chromium enriched and mechanically 
roughened Nimonic 90 substrate and the nickel-chromium alloy and 
between the nickel-chromium alloy and the final alumina coating are 
relatively strong, the bonds being produced mainly due to the 
development of mechanical locks as previously discussed. At elevated
temperatures the alumina coating remained substantially intact 
from which it may be inferred that the stresses induced by thermal 
expansion mismatch are considerably lower in comparison with the 
other coating processes investigated. The use of the nickel- 
chromium alloy intermediate layer with a coefficient of thermal 
expansion of approximately 12.5 x 10“fy°G (20° - 1050°C) clearly 
reduces the expansion/contraction gradient obtained at the elevated 
exposure temperatures employed.
The retention of a stable bond at these elevated temperatures also 
suggests that the compositional similarity of the intermediate layer 
and the substrate gives rise to the formation of a strong alloy bond 
due to a diffusion mechanism occurring with time at high temperatures. 
Unlike molybdenum,' the sprayed nickel-chromium alloy has no 
detrimental effect on the oxidation-resisting properties of the 
chromised layer.
Calculations of the interfacial stresses induced hy thermal- 
expansion mismatch have been made. The results place the various 
treatments in the right ranking order for elimination of cracking 
but the actual stresses determined are an order of magnitude greater 
than the fracture stress of the alumina and the substrate. It is 
widely quoted (e.g. Ryshkewitch^^-^) that alumina can deform 
plastically at temperatures of approximately 1000°C and it must 
therefore be inferred that this has occurred to reduce the stress 
to such a level that cracking does not take place.
5. 3. 2. The Protective Value of Sprayed Coatings 
Various substrates have been considered during the investigation as 
a basis for the addition of a flame sprayed ceramic coating of 
alumina to Nimonic 90 in order to effect a protection at elevated 
temperatures in an oxidising atmosphere. The majority of these
substrates have proved ineffective due to a fundamental lack of 
adhesion either at room temperature or elevated temperatures or both. 
Any spalling of the outer coating would clearly cause a rapid 
deterioration in the mechanical properties of the component and any 
advantages attributable to initial oxidation resistance would be 
lost, Metallographic evidence obtained on examination of those 
specimens which failed due to a coating breakdown has shown that 
after the loss of the alumina coating, surface deterioration 
attributable to oxidation continues at a rate, and by a mechanism 
dependent upon the initial processes applied to the substrate.
However when a mechanically roughened, chromium enriched Nimonic 90 
substrate was coated with an intermediate layer of an 80/20 nickel- 
chromium alloy prior to the final application of the ceramic, 
satisfactory adhesion was obtained. Thus of the coating processes 
investigated employing the technique of flame spraying, only the 
process mentioned above produced the fundamental qualities required 
for high temperature protection.
The results of air-oxidation tests carried out on this material have 
shown that the weight increase/time relationship is approximately 
parabolic or even logarithmic within the temperature range 800° - 
1050°C indicative of effective oxidation resistance, and consideration 
of the slopes of the graphs produced suggests that the applied coating 
would give adequate protection for exposure times considerably in 
excess of 200 hours. The results of metallographic examination 
carried out on specimens coated by this process and subsequently 
subjected to exposure at elevated temperatures have confirmed that 
very little deterioration of the chromium enriched substrate occurs 
up to exposure times in the order o£ 200 to 300 hours.
Since both the chromium enriched substrate and the intermediate
coating layer are known to possess strong oxidation resisting 
properties due to the formation of an adherent and substantially 
non-porous chromium rich oxide film at their surface, it is suggested 
that penetration of high temperature oxidising gases through the 
natural pores in the outer alumina coating will allow the formation 
of these protective films at the substrate/nickel-chromium and 
nickel-chromium/alumina boundaries. After the relatively rapid 
initial rate of oxidation observed attributable to the formation of 
these oxides, further penetration of oxidising gases, will be 
considerably retarded due to th6 barrier produced by the multi­
coatings and by the reduction in the number of "open” pores since 
many would ultimately be closed by the products of oxidation.
Thus provided that any thermal shock conditions which might be 
present in service environments were kept to a minimum in order to 
reduce thermal expansion mismatch induced stresses, the type of 
coating process discussed above may be considered to provide an 
effective barrier to deterioration attributable to elevated 
temperature exposure in oxidising atmospheres.
6. CONCLUSIONS 
6. 1.
It has been shown that although the Inherent oxidation resistance 
of Nimonic 90 in elevated temperature, air-oxidising atmospheres 
is satisfactory for many service applications, the surface 
deterioration produced by severe intergranular oxidation suggests 
that some form of applied protective coating would prove beneficial,
6, 2,
Diffusion coatings produce substantial changes in the oxidation 
behaviour of the Nimonic 90 alloy surface and in general chromium 
enrichment has been proved to confer greater resistance to surface 
deterioration (and hence presumably retention of high temperature 
mechanical properties) than processes involving enrichment of the 
surface with aluminium.
6 .  3 .
Chromium diffused coatings alter the oxidation characteristics of 
the Nimonic alloy leading to the formation of small and evenly 
distributed oxide inclusions on exposure to elevated temperature 
oxidising environments in contrast to the more severeintergranular 
oxide penetration and alloying element impoverishment produced at 
the Nimonic 90 surface under similar circumstances.
6, i.
Aluminium diffused coatings impart a considerable resistance to 
oxidation at temperatures up to approximately 850°C. However the 
coating failures observed when the aiuminised Nimonic 90 was subjected 
to exposure at temperatures in excess of 900°G illustrate that the 
use of this diffusion coating should be avoided at service temperatures 
above 900°G.
It is clear that a coating of alumina ceramic will act as a very 
effective heat-resisting barrier when applied by a flame spraying 
technique to a material such as Nimonic 90 provided that an 
adequate bond is produced between the alumina and the substrate, A 
purely mechanical bond relying on the formation of strong keys may 
be adequate if the induced stresses produced by thermal expansion 
mismatch are reduced to a minimum. The us6 of carefully selected 
intermediate coatings such as a chromium enriched substrate with a 
flame sprayed nickel-chromium alloy overlay can reduce these stresses 
and also retain a satisfactory bond at elevated temperatures.
7, FURTHER WORK 
7. 1
Whatever the cause of thermal corrosion, the protective mechanism 
employed must rely on the formation of continuous, stable and 
adherent surface layers. There is to date a reasonably detailed 
knowledge of the composition, mode of growth and stability of many 
simple and complex oxides. Much less is known of the mechanism of 
adherence of these compounds to the substrate although satisfactory 
adhesion is a vital factor in obtaining an effective protective 
coating. There is a strong case for more fundamental and applied 
research in this direction,
7. 2
The protection afforded by aluminium diffused coatings is limited to 
temperatures of approximately 900°C. In order to meet the modern 
demands for higher operating temperatures it is clear that 
modifications to the coatings produced by aluminium diffusion 
processes are necessary. It is possible that these demands could 
be met by:
(a) Go-diffusion of other elements with aluminium e.g.
chromium/aluminium, titanium/aluminium, zirconium/aluminium 
and the further development of work initiated by Samuel 
and Lockington^^ . Care must be taken to ensure that the 
elements selected have suitable diffusion coefficients and 
that no brittle phases occur which would reduce the ductility 
of the coating. Recently published w o r k ^ ^  on composite 
coating using chromium and aluminium co-diffusion indicates 
that this type of coating could combine the best features of 
chromised and aiuminised coatings and substantially higher 
resistance to oxidation is reported at temperatures up to 1200°C.
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(b) The inward diffusion of aluminium to the substrate has a
marked effect on the stability of aluminium diffused coatings 
and investigation into the possibility of using a barrier 
layer between the matrix and the coating might prove useful.
The barrier layer would require a low diffusion rate into 
the substrate and should not form any deleterious phases 
which might affect the bonding characteristics of the coating,
7, 3.
Further work on superimposed sprayed coatings including sealing with 
a suitable glaze or subsequent diffusion treatments might usefully be 
employed. Further consideration of combined coatings could well 
prove of value especially if an outer glaze and an inner barrier 
layer were employed,
7. A.
Since many differing types of environment are met under service 
conditions, and the presence of relatively minor quantities of 
sulphiar, chlorides etc, can cause very serious damage to many high 
temperature materials, it is clear that consideration must be given 
to the protection afforded by the coating processes investigated in 
atmospheres other than those of high temperature air alone,
7. 5.
A mathematical analysis of the interfacial stresses induced by thermal- 
expansion mismatch would prove beneficial in the selection of suitable 
coating combinations in cases- where plastic deformation of the 
substrate and coating is likely.
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APPENDIX I
Using the results obtained during the air-oxidation tests> 
consideration has been given to the activation energy of oxidation 
for the chromised and aluminised coatings. Table XXVII and Fig, 86 
illustrate the results obtained.
TABLE XXVII
Process Exposure 
Temp, °C
Kp logioKp
----— 11 ... »\
f  ok X 10~ 4
Aluminised 1000°C 800 0,0003 4.4771 9.35
900 0.0008 4.9031 8.55
1000 0.0013 3.1139 7*87
1050 0.033 2.5185 7.58
1100 0.19 1.2788 7.30
Chromised (8 hrs) 800 0.0009 Z.9542 9.35
850 0.005 1.6990 8.93
900 0.012 2.0792 8.55
950 0.047 2.6721 3.20
1000 0.080 2.9031 7.87
1050 0.15 1.1761 7.58
1100 0.23 1.3617 7.30
Uncoated x 950 0.024 2.3802 8.20
1050 0.11 1.0414 7.58
35 These figures compare very favourable with published data^ ^
From the Arrhenius equation:
Kp = Ae*~ //rT 
where Q = the activation energy (cal/g mol)
R = the gas constant (approximately 2 cal/g mol)
T = temperature (°K)
A = constant
Loge Kp = loge A - J L  
or 2.303 logxo KP = 2«3°3 lo&]_0 A “ rt"
If log10 Kp is plotted against if (°K) then the slope of the graph
,20£
o
Uncoated
—  Chromised
—  Aluminised
3.0 J
80090010001100
9.2 1 (°K) 
T
7.2
FIG. 86 Activation energy determination.
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The values for the activation energies Q have been calculated as 
follows:-
(i) Aluminised coating
(a) below 1000°G 19,300 cal/ g mol
(b) above 1000°G 184,000 cal/ g mol
(ii) Ghromised coating
(a) below 950°G 64, 500 cal/ g mol .
(b) above 950°0 35, 500 cal/ g mol
Kubasehewski and Hopkins^) quote values of 79,000 cal/ g mol for 
pure chromium in oxygen and 64,630 cal/ g mol for less pure chromium 
in air.
(iii) Uncoated Nimonic 90 47,000 cal/ g mol.
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APPENDIX IT
Air-oxidation test results 
TABLE Al
Specimen Nimonic 90 
Exposure temperature 900°G
Exposure time "Wt t gain Wt. gain at T. Wt. gain from R.T.
hrs * g* mg/ cm^ mg/cm^
0 0 0 0.563
0.25 0,0003 0.022 0.585
0.5 0.0022 0.161 0.774
1.5 0.0047 0,344 0.907
2.0 0.0052 0.380 0.943
3.0 0.0054 0.395 0.958
6.5 0,0062 0.453 1.016
12.0 0,0062 0.453 1.016
23.25 0.0062 0*453 1.016
26,75 0.0067 0.490 1.053
Wt. gain after test =3.7 mg/era-^ .
TABLE All
Specimen Nimonic 90 
Exposure temperature 925°G
Exposure time Wt. gain Wt. gain at T. Wt. gain from R.T.
hrs. g.
r\
mg/ cm mg/ an
0. 0. 0 0.643
0.25 0.0019 0.139 0.782
0.5 0.0036 0.263 0.906
0.75 0.0059 0.431 1.074
1.0 0.0084 0.614 1.257
1.25 0.0114 0.833 1.476
1.5 0.0120 0.877 1.520
10.25 0.0126 0.921 1.564
25.0 0.0129 0.943 1.586
26.75 0.0134 0.980 1.623
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TABLE AIII
Specimen Nimonic 90
Exposure temperature 9$0°C
Exposure time Wt. gain Wt.- eain at T. Wt. gain from R.T.
hrs. g. mg/ cm^ mg/cm^
0. 0 0 1.338
0.25 0.0026 0.190 1.528
0.5 0.0036 0.263 1.601
0.75 0.0056 0.409 1.747
1.0 0.0067 0.490 1.828
1.25 0.0078 0.570 1.908
2.0 0.0080 0.585 1.923
3.0 0.0090 0.658 1.996
4.0 0.0092 0.673 2.011
23.5 0.0108 0.789 2.127
25.0 0.0114 0.833 2,171
27.0 0.0118 0,863 2.201
33.0 0.0U9 0.870 2.208
35.0 0.0122 0.892 2.230
48.0 0.0130 0.950 2.288
50-.0 0.0135 0.987 2.325
60.0 0.0137 1.001 2.339
72.0 0.0142 1.038 2.376
75.0 0.0158 1.155 2.493
98.0 0.0167 1.221 2.559
102.0 0.0172 1,257 2.595
120.0 i 0.0172 1.257 2.595
Wt. gain after test = 1.703 mg/cm^.
TABLE AIT
Specimen Nimonic 90 
Exposure temperature 975°C
Exposure time 
hrs.
Wt. sain 
g*
Wt. gain at T. 
mg/cm^
Wt. gain from R.T.' 
mg/cm ^
0 0 0 1.396
0.25 0.0021 0.154 1.550
0.5 0.0043 0.314 1.710
0.75 0.0073 0.534 1.930
1.0 0.0087 0.636 2.032
1.25 0.0095 0.694 2.090
2.0 0.0099 0.724 2.120
3.0 0.0106 0.775 2.171
4.0 0.0111 0.811 2.207
5.0 0.0116 0.848 2.244
6.0 0.0117 0.855 2.251
23.75 0.0158 1.155 2.551
24.25 0.0156 1.140 2.536
25.0 0.0160 1.170 2.566
26.0 0.0162 1.184 2.580
26.75 0.0168 1.228 2.624 !
2 1 0
TABLE AV
Specimen Nimonic 90
Exposure temperature 1Q00°C
Exposure time Wt. gain Wt. gain at T. Wt. gain from R.T.
hrs. g. mg/ cm^ mg/cm^
0 0 0 1.418
0.25 0.0034 0.249 1.667
0.5 0.0080 0.585 2.003
0.75 0.0120 0.877 2.395
1.0 0.0135 0.987 2.405
2.0 0.0137 1.001 2.419
3.0 0.0148 1.082 2.500
6.0 0.0150 1.097 2.515
7.0 0.0158 1.155 2.573
24.0 0.0186 1.360 2.778
26.0 0.0188 1.374 2.792
26.75 0.0190 1.389 2.807
TABLE AVI
Specimen Nimonic 90 
Exposure temperature 102$°C
Exposure time Wt. gain Wt. gain at T. Wt. gain from R.T.
hrs. g. mg/cm^ mg/cm^
0 0 0 1.206
0.25 0.0092 0.673 1.879
0.5 0.0120 0.877 2.083
0.75 0.0124 0.906 2.112
1.0 0.0130 0.950 2.156
1.25 0.0139 1.016 2.222
1.5 0.0140 1.023 2.229
1.75 0.0145 1.060 2,266
2.0 0.0150 1.097 2.303
3.5 0.0162 1.184 2.390
4.0 0.0165 1.206 2.412
5.0 0.0175 1.279 2.485
8.0 0.0180 1.316 2.522
11.0 0.0185 1.352 2.558
23.0 0.0220 1.608 2..814
26.75 0.0235 1.718 2.924
Wt. gain after test = 1.184 mg/cm.2
TABLE AVII
Specimen Nimonic 90
Exposure temperature 1050°G
Exposure time Wt. sain Wt. sain at T. Wt. sain from R.T.
hrs. g* mg/cm^ mg/cm^
0 0 0 1.652
0.23 0.0062 0.453 2.105
0.5 0.0065 0.475 2.127
0.75 0.0069 0.504 2.156
1.0 0.0079 0.577 2,229
1.25 0.0088 0,643 2.295
1.5 0.0098 0.716 2.368
1.75 0.0103 0.753 2.405
2.0 0.0107 0.782 2.434
2.25 0.0108 0.789 2,441
2.5 0.0110 0.804 2.456
4.5 0.0136 0.994 2.646
7.0 0.0154 1.126 2.778
10.0 0.0175 1.279 2.931
11.0 0.0188 1.374 3.026
23.0 0.0230 1.681 3.333
25.0 0.0244 1.784 3.436
32.0 0.0266 1.944 3.596
35.0 0.0272 1.988 3.640
43.0 0.0325 2.376 4.028
50.0 0.0335 2.449 4.101
57.0 0.0343 2.544 4.196
71.0 0.0388 2.836 4.488
77.0 0.0397 2.902 4.554
95.0 0.0431 3.151 4.803
100.0 0.0457 3.341 4.993
105.0 0.0468 3.421 5.073
120.0 0.0493 3.604 5.256
Wt. gain after test =3.7 mg/cm^
212
TABLE BI
Specimen Nimonic 90 aluminised (850°C) No. 15
Exposure temperature 850°G
Exposure time Wt. gain Wt. gain at T. Wt. gain from R.T.
hrs. g. mg/cm2 mg/cm2
0 0 0 1.257
21 0.0036 0.263 1.520
69 0.0036 0.263 1.520
165 0.0036 0.263 1.520
189 0.0042 0.307 1.564
213 0.0042 0.307 1.564
261 0.0042 0.307 1.564
Wt. gain after test 25 0.066 mg/cm2
TABLE BII
Specimen Nimonic 90 aluminised (850°C) No, 2 
Exposure temperature 950°C
Exposure time Wt. gain Wt. gain at T. Wt. gain from R.T.
hrs. g. mg/cm2 mg/an2
0 0 0 0.987
0.25 0.0008 0.058 1.045
0.5 0.0017 0.124 1.111
0.75 0.0024 0.175 1.162
1.0 0.0027 0.197 1.184
1.25 0.0032 0,234 1.221
1.5 0.0035 0.256 1.243
1.75 0.0038 0.278 1.265
2.0 0,0040 0.292 1.279
2.75 0.0042 0.307 1.294
3.0 0.0045 0.329 1.316
6.0 0.0050 0.366 1.353
23.0 0,0065 0.475 1.462
46.O 0.0085 0.621 1.608
122.0 0.0095 0.694 1.681
169.0 0.0098 0.716 1.703
197.0 0.0100 0.731 1.718
220.0 0.0101 0.738 1.725
2
Wt. gain after test = 0.914 mg/cm .
213
TABLE Bill
Specimen Nimonic 90 aluminised (850°C) No. 8
Exposure temperature 1050°C
| Exposure time Wt. gain Wt. sain at T. Wt. sain from R.T.
i hrs.|
I— -------------------------------------
2 • mg/cm2 mg/cm2
0 0 0 1.257
5 0.0041 0.300 1.557
48 0.0080 0.585 1.842
96 0.0098 0.716 1 .973
U 8 0.0098 0.716 1.973
220 0.0117 0.855 2.112
Wt. gain after test = 1.06 mg/cm2
TABLE BIV
Specimen Nimonic 90 aluminised (1000°C) No. 9 
Exposure temperature 800°C
Exposure time
.........
Wt. sain Wt. sain at T Wt. gain from R.T.
hrs. g* mg/cm2 mg/cm*
0 0 0 1.301
48 0.0010 0.0073 1.374
90 0.0010 0.0073 1.374
118 0.0013 0.095 1.396
167 0.0043 0.314 1.615
216 0.0062 0.453 1.754
279 0.0063 0.461 1.762
2Wt. gain after test = 0.314 mg/cm
TABLE BV
Specimen Nimonic 90 aluminised (1000°C) No. 4 
Exposure temperature 900 0
—- --------------
! Exposure time Wt. sain Wt. gain at T Wt. sain from R.T.
hrs. g- mg/cm2 / 2 mg/cm
0 0 0 1.301
67 0.0048 0.351 1.652
92 0.0057 0.417 1.718
111 0.0057 0.417 1 .718
135 0.0070 0.512 1.813
' 164 0.0071 0.519 1.820
183 0.0071 0.519 1.820
231 0.0093 0.680 1 .981
257 0.0093 0.680 1.981
261 0.0093 0.680 1.981
Wt. gain after test = 0.461 mg/cm
214
TABLE BVI
Specimen Nimonic 90 aluminised (1000°G) No. 5
Exposure ..temperature 1000°G
Exposure time Wt. gain Wt. gain at T. Wt. gain from R.T.
hrs. g. mg/ cm^ mg/cm^
0 0 0 1.330
1.75 0.0018 0.132 1.462
5.0 0.0029 0.212 1.542
26 0.0062 0.453 1.783
68 0.0066 0.482 1.812
92 0,0068 0.497 1.827
116 0.0074 0.541 1.871
190 0.0072 0.526 1.856
250 0.0075 0.548 1.878
274 0.0075 0.548 1.878
Wt. gain after test = 0.614 mg/cm^
TABLE BVII
Specimen Nimonic 90 aluminised (1000°G) T.P.D. 
Exposure temperature 1050°G
Exposure time 
hrs.
Wt. gain 
g.
Wt. gain at T. 
mg/ cm^
Wt. gain from R.T. 
mg/cm ^
0 0 0 1.513
0.25 0.0065 0.475 1.988
0.5 0.0120 0.877 2.390
0.75 0.0154 1.126 2.639
1.0 0.0182 1.330 2.843
1.25 0.0200 1.462 2.975
1.5 0.Q214 1.564 3.077
3.0 0.0244 1.784 3.297
3.5 0.0266 1.944 3.457
4.0 0.0279 2.039 3.552
6.0 0.0299 2.186 3.699
24.0 0.0409 2.990 4.503
46.0 0.0424 3.099 4.612
118.0 0.0436 3.187 4.700
171.0 0.0438 3.202 4.715
214.0 0.0440 3.216 4.729
286.0 0.0445 3.253 4.766
Wt. gain after test = 3.275 mg/cm
215
T&.BLE BVIII
Specimen Nimonic 90 aluminised (1000°G) No. 1 
Exposure temperature 1100°C
Exposure time Wt. gain Wt. gain at T. Wt. gain from R.T.
hrs. g« mg/cm^ mg/cm2
0 0 0 1.535
2 0.0050 0.366 1.901
10 0.0147 1.075 2.610
51.5 0.0480 3.509 5.044
117 0.0617 4.510 6.045
Wt. gain after test = 4.664 mg/cm2
2 1 6
TABLE Cl
Specimen Nimonic 90 chromised (S hrs) No. 5
Exposure temperature 800°G
Exposure time 
hrs.
Wt. sain Wt„ gain at T. Wt. gain from R tT.
g. mg/cm^ mg/cm^
0 0 0 1.243
19 0.0010 0.073 1.316
42 0.0009 0.066 1.309
89 0.0010 0.073 1.316
210 0.0010 0.073 1.316
257 0.0011 0.080 1.323
282 0.0018 0.132 1.375
Wt. gain after test = 0.497 mg/cm2
TABLE Oil
Specimen Nimonic 90 chromised (8 hrs) No. 3 
Exposure temperatura 850°G
Exposure time Wt. gain Wt. gain at T. Wt. gain from R.T.
hrs. g. mg/cm ^ mg/cm^
0 0 0 1.221
0.75 0.0015 0.110 1.331
3,5 0.0025 0.183 1.404
9 0.0009 0.066 1.287
30 0.0010 0.073 1.294
123 0.0088 0.643 1.864
144 0.0100 0.731 1.952
166 0.0117 0.855 2.076
262 0.0110 0.804 2.025
286 0.0125 0.914 2.135
2
Wt. gain after test = 1.235 mg/cm
TABLE GUI
Specimen Nimonic 90 chromised (8 hrs) No. 9 
Exposure temperature 900°C
Exposure time 
hrs.
Wt. gain 
g»
Wt. gain at T. 
mg/ cm^
Wt. gain from R.T. 
mg/cm^
0 0 0 1.345
23 0.0132 0.965 2.310
46 0.0173 1.265 2.610
70 0.0194 1.418 2.763
97 0.0209 1.528 2.873
168 0.0231 1.689 3.034
192 0.0248 1.813 3.158
215 0.0249 1.820 3.165
239 0.0251 1.835 3.180
263 0.0279 2.039 3.384
335 0.0279 2.039 3.384
Wt. gain after test = 1.996 rag/can2
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TABLE C3V
Specimen Nimonic 90 chromised (8 hrs) No. 8
Exposure temperature 950°C
Exposure time Wt. gain Wt. gain at T. Wt. gain from R.T.
hrs. g. mg/cm2 mg/cm2
0 0 0 1.425
9.5 0.0073 0.534 1.959
21.5 0.0151 1.104 2.529
45.75 0.0264 1.930 3.355
93.5 0.0408 2.932 4.407
117.5 0.0429 3.136 4.561
165.75 0.0437 3.194 4.629
190.0 0.0460 3.363 4.788
261.6 0.0475 3.472 4.397
Wt. gain after test = 3.458 rag/cm^
TABLE OJ
Specimen Nimonic 90 chromised (8 hrs) No. 6 
Exposure temperature 1000°G
Exposure time Wt. gain Wt.. gain at T. Wt. gain from R.T.
hrs. g. mg/can2 mg/ on2
0 0 0 1.469
5 0.0049 0.358 1.827
22 0.0349 2.551 4.020
46 0.0587 4.291 5.760
94 0.0662 4.839 6.308
118 0.0685 5.007 6.476
142 0.0704 5.146 6.615
165 0.0715 5.227 6.696
190 0.0724 5.292 6.761
215 0.0730 5.336 6.805
261 0.0761 5.563 7.032
286 0.0773 5.687 7.156
288 0.0778 5.687 7.156
Wt. gain after test = 4.738 mg/cm
218
TABLE 071
Specimen Nimonic 90 chromised (8 hrs) No. 2
Exposure temperature 1050°C
Exposure time 
hrs.
Wt„ gain 
g.
Wt. eain at T. 
mg/am2
Wt. eain from R.T. 
mg/cm2
0 0 0 1.594
2 0.0131 0.958 2.552
6 0.0363 2.654 4.248
10 0.0631 4.6X3 6.207
22 0.0755 5.519 7.113
118 0.1006 7.354 8.948
142 0.1048 7.661 9.255
146 0.1051 7.683 9.277
166 0.1071 7.829 9.423
193 0.1103 8.063 9.657
265 0.1179 8.618 10.212
289 0.1196 8.743 10.337
Wt. gain after test = 6.6l6 mg/cm
TABLE C m
Specimen Nimonic 90 chromised (8 hrs) No. 4 
Exposure temperature 1100°C
Exposure time Wt. eain Wt. eain at T. Wt. eain from R.T.
hrs. g. mg/cm^ mg/cm2
0 0 0 1.586
3 0,0344 2.515 4.101
4 0.0419 3.063 4.649
17 0,0570 4.167 5.753
20 0.0579 4.232 5.818
22 0.0596 4.357 5.943
28 0.0613 4.481 6.067
29 0.0624 4.561 6.147
41 0.0692 5.059 6.645
89 0.0846 6.184 7.770
113.5 0.0903 6.601 8.187
118 0.0903 6.616 8.202
Wt. gain after test = 5.154 mg/cm2
219
TABLE C m i
Specimen Nimonic 90 chromised (24 hrs) No. 1
Exposure temperature 1100°0
Exposure time Wt. eain Wt. eain at T. Wt. eain from R.T.
hrs. g. mg/cm^ mg/ cm^
0 . 0 0 1.441
1.5 0.0073 0.534 1.945
3.0 0.0099 0.724 2.135
26.5 0*0101 0.733 2.149
28.5 0.0111 0.811 2.222
29.0 0.0113 0.826 2.237
43.0 0.0193 1.411 2.822
70.0 0.0199 1.455 2.866
93.0 0.0379 2.770 4.181
145.0 0.0483 3.531 4.942
161.0 0.0525 3.838 5.249
167.0 0.0533 3.896 5.307
207.0 0.0578 4.225 5.636
239.0 0.0603 4.408 5.319
Wt. gain after test = 4.101 mg/cm2
220
TABLE PI
Specimen Nimonic 90 chromised (8 hrs) Flame sprayed with Al 0
Exposure temperature 1000°G 2 3
Exposure time 
hrs.
Wt. eain 
g.
Wt. eain at T. 
mg/cm^
Wt. eain from R.T. 
mg/cm ^
0 0 0 0.760
21 0.0080 0.585 1.245
93 0.0131 0,958 1.718
117 0.0160 1.170 1.930
141 0.0233 1.703 2.463
166 0.0718 5.249 6.009
193 0.0746 5.453 6.213
262 0.0866 6.330 7.090
287 0.0886 6.477 7.237
Wt. gain after test = 5.928 mg/cm2
TABLE DII
Specimen Nimonic 90 chromised (8 hrs) Flame sprayed with
Ni-Gr and Al2 0~
Exposure temperature 800°G
Exposure time Wt. eain Wt. eain at T. Wt. eain from R.T.
hrs. g- mg/cm^ mg/ cm
0 0 0 1.279
5 0,0057 0.417 1.696
19 0,0082 0.599 1.878
43 0,0115 0.841 2.120
115 0.0087 O.636 1.915
162 0.0087 O.636 1.915
• 187 0.0097 0.709 1.988
■ 211 0.0118 O.863 2.142
Wt* gain after test = O0731 mg/cm2
TABLE Dili
Specimen Nimonic 90 chromised (8 hrs) Flame sprayed with
Ni-Gr and AI2 0^
Exposure temperature 900°G
Exposure time Wt. eain Wt. eain at T. Wt. eain from R.T.
hrs. g. / 2 mg/cm mg/cst?
0 0 0 1.520
5 0.0052 0.380 1.900
24 0.0074 0.541 2.061
48 0.0096 0.702 2.222
72 0,0105 0,768 2.288
144 0.0105 0.768 2.288
168 0.0114 0.833 2.353
192 0.0114 0.833 2.353
240 0.0114 0.833 2.353
Wt. gain after test = 1.937 mg/cm2
2 2 1
TABLE DIV
Specimen Nimonic 90 chromised (S hrs) Flame sprayed with
Ni-Cr and Al2 Oo
Exposure temperature 950°G
Exposure time 
hrs.
Wt. eain 
g.
Wt. sain at T.
/ 2 mg/ an
Wt. gain from R.T. 
mg/cm2
0 0 0 1.696
5 0.0056 0.409 2.105
24 0.0070 0.512 2.208
49 0.0083 0.605 2.301
96 0.0111 0.806 2.502 v
120 0.0115 0.835 2.531
144 0.0126 0.915 2.611
168 0.0124 0.906 2.602
191 0.0125 0.914 2.610
216 0.0125 0.914 2.610
Wt. gain after test = 1.301 mg/cm^
TABLE W
Specimen Nimonic 90 chromised (8 hrs) Flame sprayed with
Ni-Cr and Al2 0^
Exposure temperature 1000°C
Exposure time Wt. eain Wt. eain at T. Wt. eainfrom R.T.
hrs. g. mg/cm2 mg/orn^
0 0 0 2.149
50 0.0031 0.227 2.376
100 0.0055 0.402 2.551
149 0.0069 0.504 2.653
237 0.0089 0.651 2.800
261 0.0089 0.651 2.800
286 0.0089 0.651 2.800
Wt. gain after test = 1.520 m^cm^
TABLE m i
Specimen Nimonic 90 chromised (8 hrs) Flame sprayed with
Ni-Gr and Al2 O3
Exposure .tTOsratare 1050°G
Exposure time Wt. eain Wt. eain at T. Wt. eain from R.T.
hrs. g. mg/cm2 mg/cm2
0 0 0 2.149
6 0.0048 0.351 2.501
24 0.0088 0.643 2.792
47 0.0103 0.753 2.902
96 0.0119 0.872 3.021
120 0.0130 0.951 3.100
143 0.0131 0.956 3.105
168 0.0131 0.956 3.105
196 0.0131 0.956 3.105
Wt. gain after test = 1.610 mg/cm2
